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Abstract
High pressure and spontaneous emission analysis techniques have been used to probe the recombina­
tion mechanisms in mid-infrared semiconductor lasers for the 2-4 pm wavelength range. Analysis of 
the spontaneous emission collected through a window in the substrate contact of two type-I GalnAsSb 
/  AlGaAsSb, compressively strained, quantum well lasers emitting at A ~ 2.11 pm and A ~2.37 pm, 
reveals that the threshold current of both devices is dominated by Auger recombination at room- 
temperature. Further analysis shows that approximately 80% of the room-temperature threshold 
current of the 2.37 pm devices can be attributed to Auger recombination. Comparison with larger 
band gap near-infrared devices suggests that the CHSH Auger process (involving the generation of 
hot holes in the spin-orbit split-off band) is suppressed in the 2.37 pm lasers as the spin-orbit splitting 
energy is greater than the band gap in these structures. However, other types of Auger process, such 
as CHLH and CHCC, persist and dominate the room-temperature threshold current of these lasers.
Hydrostatic pressure measurements on the 2.37 pm devices indicate that as pressure is applied, the 
band gap increases and approaches the spin-orbit splitting energy and at pressures above 6 kbar the 
CHSH process becomes important. This is also evident in the larger band gap 2.11 pm lasers where 
the pressure dependence indicates that the CHSH process is important at atmospheric pressure.
The loss processes in GaSb-based “W” diode lasers operating at A ~  3.25 pm (at T = 80 K) are 
also investigated through analysis of their spontaneous emission characteristics and the pressure 
dependence of their threshold currents. Spontaneous emission analysis shows that defect/impurity 
recombination, which had been of concern in these structures, does not have a significant influence 
on the threshold current. Results suggest that a substantial contribution from Auger recombination 
exists at 80 K and increases strongly with increasing temperature. It is estimated that Auger recom­
bination accounts for about 87% of the threshold current at 200 K and is the main cause of the poor 
temperature performance in these lasers.
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Chapter 1
Introduction
1.1  M o t iv a t i o n  & O b je c t iv e s
The mid-infrared (MIR) spectral region is generally understood to lie between about 2 pm and 15 pm 
in the electromagnetic spectrum. Light emitters and detectors in this spectral range have not seen 
the intensity of research that emitters and detectors in the visible and near-infrared (NIR) spectral 
ranges have, but as the potential for useful instruments and systems using MIR technology has been 
recognised, interest has grown. Technologies such as CDs, DVDs, and global telecommunications 
have been hugely successful and it is these lucrative applications which have pushed forward the 
technology in the visible and NIR regions. This section will now follow on to detail some of the 
drivers for MIR semiconductor laser research and the requirements that these application put on 
device performance.
There are a number of features of the MIR, which can be exploited. One notable feature is the 
atmospheric transmission windows which exist in the MIR, as displayed in F i g u r e  1 . 1 ,  taken from 
Wikipedia [1]. Within these wavelength bands, light of the correct wavelength can travel through the 
atmosphere with minimal absorption and hence can be used for free-space optical communications 
(FSO) [2,3], laser range finding and infrared countermeasures [4]. Proposals for FSO, include using 
MIR lasers and detectors to maintain high data transfer rates where fibre connections are not possible. 
For instance, in built-up city business areas, it may not be possible to obtain high bit-rate connections 
between buildings using fibre or RF technology, whereas FSO can be used if a clear line-of-sight
1
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Wavelength (microns)
flfe c d t*  h*o ra.
________________ Absorbing Molecule
F i g u r e  1 . 1 :  Atmospheric transmission spectrum showing transmission in the mid-
infrared spectral range [1]
between b u ild in g s  ex ists  (safety con s tra in ts  p e rm itt in g )  and  g ig a b it pe r second c o n n e c t iv ity  m ay  be 
poss ib le  [5,6].
A n o th e r  im p o rta n t fea tu re  o f  the  M I R  is th e  fa c t th a t  m any  gaseous m o lecu les have th e ir  fu n d a m en ta l 
a b so rp t io n  lines in  th is  reg ion. Th e se  a b so rp t io n  lines o r ig in a te  from  th e  c o u p lin g  o f lig h t o f  a  spe c ific  
w ave leng th  to  th e  ro ta t io n a l o r v ib ra t io n a l m odes o f  th e  m o lecu le . F lu c tu a t io n s  in  th e  a b so rp t io n  o f 
a p a r t ic u la r  w ave leng th  o f  lig h t can  be m o n ito red  w ith  a s im p le  la se r/d e te c to r  a rrangem en t and  the  
a b so rp t io n  s igna l can  then  be used to  m easure th e  q u a n t ity  o f  gas present. G a s  de tecto rs  u s in g  M I R  
lasers and  de tecto rs  can  use th e  stronger fu n d a m en ta l a b so rp t io n  lines o f  these m olecu les, o ffe ring  
g reater se n s it iv ity  th a n  th e ir  N I R  coun te rp a rts , w h ich  use th e  I s* o r 2nd o rde r m odes o f th e  m olecu le . 
F o r  in stance, m e thane  can  be  de tected  a t a w ave leng th  o f 3.3 pm w ith  a  sen s it iv ity  o f  1.7 p p b  (parts  
pe r b illio n ) , ra th e r th a n  at its  N I R  a b so rp t io n  lin e  o f  1.65 pm w here  sen s it iv ity  is o n ly  a b o u t 600 
p p b  [ 7 ] .  T h e  a b so rp t io n  lines  o f  som e ty p ic a l gaseous m o lecu les o f  in te re st are lis ted  in  T a b l e  1.1 [ 4 ] .
H ig h ly  sens itive  gas de tecto rs  w o u ld  prove u se fu l in  a  num b er o f  d iffe ren t rea l-w o r ld  a p p lica t io n s . A s  
p o llu t io n  becom es m ore  and  m ore  o f  a p rob lem  in  o u r m ode rn  env ironm en t, d e te c tio n  in s trum en ts  
are necessary to  m o n ito r  th e  p o llu t io n  from  cars, in du s try , hom es etc. G a s  de tecto rs  c o n ta in in g  
sem icond u c to r lasers and  de tecto rs  can  be  com p ac t and  p o rtab le , in  com p a r ison  to  th e  la b o ra to ry -  
based sp e c tro scop ic  a lte rna tive . Sens itive  gas de tecto rs  co u ld  a lso  be  u se fu l in  ch em ica l eng ineering .
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Gas Absorption A
n h 2 2.1 pm
HF 2.5 pm
c h 4 2.35 /  3.3 pm
h c h o 2 3.5 pm
n2o 3.9 /  4.5 pm
HCL 3.5 pm
s o 2 4.0 pm
c o 2 4.25 pm
CO 2.3 /  4.6 pm
T a b le  1.1: Wavelengths o f fundamental absorption lines for some common gaseous 
molecules o f interest.
Some precise chemical processes require in situ detection of small amounts of gases used in industrial 
processing [4,8].
Another interesting application is the detection of trace gases in the human breath. There are many 
conditions/diseases of the human body which result in changes in the levels of particular trace gases 
in the breath. These gases could be detected with the high sensitivity and high resolution offered by 
MIR lasers and could realise the development of a revolutionary handheld device which allows early, 
non-invasive diagnosis. For example, patients suffering from asthma have raised levels of nitric oxide 
in their breath. A laser-based breath analyser could give early indication of an on-coming asthma 
attack [9]. Other medical applications include laser surgery and non-invasive optical blood glucose 
monitoring, both of which exploit the absorption spectrum of human tissue [8, 10].
In order to fulfill the requirements of the applications outlined above, highly developed semiconductor 
lasers emitting in the MIR wavelength range are required. Semiconductor laser diodes are ideally 
suited to such application due to their small size, low power consumption and narrow linewidth. 
In order to maximise the benefits of these devices in the real-world, lasers need to reach a stage of 
development where they are highly efficient, have low threshold currents, low temperature sensitivity 
and in some cases, high power and high spectral purity are important.
As the mid-infrared spans a broad range of energies from approximately 600 meV down to below 100 
meV, there are several different material systems competing at different parts of this range. Many of 
these will be discussed briefly in the next section. The focus of this project was on the 2 -4  pm region 
of the MIR, where the antimonide-based material system is a major competitor. Between 2 and 3 
pm, Sb-based lasers with GalnAsSb in their active regions and a type-I band alignment between
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the quantum wells (QWs) and barrier layers were studied. In the 3 -4  pm range it is necessary to 
use alternating InAs and Ga(In)Sb layers to form a type-II band alignment and these devices are 
also studied in this work. The objective of this project was to analyse the primary loss mechanisms 
of lasers in the 2 - 4  pm range, with the aim of providing knowledge which will aid the future 
development of these devices. High pressure and spontaneous emission techniques were the main 
investigative tools used to gain insight into the physics behind the operation of these devices. All 
devices studied in this work were grown elsewhere, while the characterisation and analysis presented 
in this thesis was carried out at Surrey.
1 .2  M I R  e m it te r s
In an ideal situation, one material system would be used to manufacture semiconductor lasers op­
erating in continuous-wave (CW) mode at room temperature (RT), to cover the entire MIR range. 
In reality, this is not possible and there is effectively a team of different technologies attempting to 
provide for this broad wavelength range. Although much progress has been made in the last decade, 
it is still not possible to grow semiconductor lasers operating in CW at RT over the entire MIR region 
of the spectrum. Coverage of this range is somewhat patchy and different material systems excel 
in different wavelength bands with overlap and competition in certain areas. Some of the material 
systems currently being explored include Pb-salt devices, quantum cascade lasers, GaSb-based type-I 
structures, GaSb-based “W” structures and III-V materials incorporating dilute amounts of nitro­
gen. The devices considered here are III-V lasers, using type-I and “W” structures. In the following 
sections, the advantages and disadvantages of these materials and competing technologies will be 
described.
Until recent years, IV-VI lead-salt lasers of (Pb,Eu)(S,SeTe,Sn) were the only commercially available 
MIR semiconductor lasers. Most of these devices were restricted to operation at cryogenic temper­
atures but covered a wide range from 3 - 30  pm [4]. Some advances were made with the advent of 
advanced growth techniques such as liquid phase epitaxy (LPE) and molecular beam epitaxy (MBE) 
and through the use of double-heterostructure and QW designs but advances in III-V devices quickly 
began to overtake the performance of the lead-salt materials. However there is some hope for Pb-salt 
devices. Researchers at Linz in Austria have been working on optically pumped lead-salt vertical
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cavity surface emitting lasers (VCSELs) on BaF2 substrates, which emit between 3 pm and 8 pm. 
Some devices operating in CW-mode at RT have been realised at the shorter wavelength end of 
this range and research is ongoing to develop a full range of devices. As these devices are optically 
pumped, the aim is to develop a range of VCSELs emitting at different wavelengths which can be 
pumped by a single, inexpensive, electrically pumped, semiconductor laser with a view to developing 
a compact, highly sensitive, multiple-gas detector. The VCSEL structure also offers distinct advan­
tages over edge emitting devices in particular, an improved beam profile and a narrower linewidth. 
Also, the high refractive index contrast possible using this material system lends itself to the growth 
of highly reflective bragg mirrors with only a few layers [11,12]. The difficulty of producing efficient 
electrically-pumped lead-salt devices and the relatively low power output of these VCSELs are the 
major technological drawbacks for this material system.
Quantum cascade lasers (QCLs) are a fast-growing technology with devices being developed for emis­
sion in the MIR region, through to the far-infrared. QCLs use inter-subband transitions between 
excited states in the conduction band (or valance band for the Si/Ge system) and a cascade arrange­
ment to achieve lasing at a wide range of wavelengths. Injected carriers make a transition from one 
excited state to an excited state of lower energy in the conduction band to produce a photon and 
then tunnel into the next layer of the cascade, where they can undergo another transition to produce 
another photon. GaAs- and InP-based QCLs perform well at MIR wavelengths [13-16]. The GaAs- 
based system takes advantage of being one of the most highly developed semiconductor technologies, 
making it easier to achieve the high growth quality, layer thickness and compositional control which 
is a requirement for QCLs. GaAs-based devices perform well in the above-12 pm wavelength region. 
However, InP-based devices out perform GaAs-based QCLs in the 5-12 pm range, owing to their 
superior waveguiding, larger conduction band discontinuity and better thermal conductivity.
QCLs at shorter wavelength, in the 3-5 pm range, are showing good potential in recent years. The 
important parameter in the development of short wavelength QCLs is the depth of the QW, i.e. 
the conduction band offset AEc. Typically, a Ai?c-value of twice the photon energy is required to 
accommodate all the necessary energy levels of a QCL [17-19]. The GaAs/(Al)GaAs system has 
difficulty in this respect, as to achieve high AEC-values it is necessary to use ARGai^As with x 
> 0.45 where the AlGaAs material becomes indirect. Control of the separation of the lowest lying
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conduction band level in the barrier layers (the X-valley) and the injector and upper lasing level, 
along with the introduction of InAs monolayers to the active region has led to lasing emission at 7.2 
pm, with the possibility of further reduction in the emission wavelength [20], The InGaAs-AlInAs 
system grown on InP substrates has been used to achieve shorter wavelength emission as it can be 
grown with a AEc of about 0.72 eV using strain balancing [19,21]. This sets an approximate lower 
wavelength limit for this system of 3.5 pm. Also grown on InP, the InGaAs-AlAsSb system can 
achieve a AEc of ~1.6 eV but the T-X splitting energy is small. This can lead to a small energy 
difference between the upper lasing state and the X-valleys and hence electron leakage to the X-valleys 
can be significant [19]. A system which in the early stages of development and has a substantial AEc 
of ~  2.1 eV and larger intervalley separation energies is the InAs-AlSb system grown on either InAs 
or GaSb [15,19].
Currently, InGaAs-AlInAs/InP QCLs operating at RT and in CW mode have reached a wavelength of
3.8 pm [22] with a Jth ~1.4 kAcm-2. CW output powers were as high as 143 mW. In pulsed operation, 
laser emission at around 3.3 pm at 80 K has been realised using a InGaAs/AlInAs/AlAs on InP system 
although above 160 K performance degrades rapidly, indicating that carrier leakage to indirect valleys 
is becoming a problem [23]. Within the InGaAs-AlAsSb/InP system, electroluminescence has been 
observed at wavelengths as short as 3.1 pm [24] to a temperature of 240 K, while lasers based on this 
system operating at 4.4 pm have been demonstrated [18]. Although a relatively young technology, 
the In As-based system has already achieved pulsed lasing at RT at a wavelength of 4.5 pm [25] 
and lasing up to 240 K has recently been realised at approximately 3.3 pm and 3.1 pm [19]. QCL 
performance at shorter wavelengths is continually improving and there is the potential to cover a 
very broad range of wavelengths. As mentioned, the InP-based systems do hold some key advantages 
over their competitors, in that, a high refractive index contrast is achievable and the fact that 
InP growth technology of already wide-spread in the photonic industry [19,23].. Also, InP may be 
used as a waveguide material in this system and has thermal conductivity of ~0.7 W/cm/K which 
is 10 times higher than the waveguide materials used in the GaAs-, InAs- and GaSb-based QCL 
material systems [15]. In general, QCLs hold some distinct advantages over non-cascade inter band 
devices such as high quantum efficiency, reduced impact of series resistance on device performance 
and the avoidance of non-radiative Auger recombination. However, disadvantages of QCLs include 
the depletion of electrons from the upper lasing state by phonon scattering, possible leakage paths
to indirect satellite valleys and continuum states and the need for precise control of the thickness, 
composition and quality of a high number of growth layers [16].
Working with III-V compounds has always been an attractive option for MIR devices as growth 
technologies are well-developed in comparison with IV-VI and II-VI materials and a wide range of 
quaternary alloys are possible with the nearly lattice-matched compounds of InAs, GaSb and AlSb 
as shown in Figure 1 .2 . III-V materials also tend to have superior mechanical strength and thermal 
conductivity. Devices with type-I band alignment as shown in Figure 1.3 , with GalnAsSb as the 
active material and barriers formed of AlGaAsSb have been most successful at the shorter wavelength 
end of the MIR. Lasers have been developed which operate well at RT up to about 3 pm and will 
be discussed in more detail in the following section. Emission from about 3 pm to over 4 pm can be 
achieved with a type-II “W” structure, so-called because of the shape of its conduction band, shown in 
Figure 1.4, taken from Meyer et al [26]. This design allows for a strong probability amplitude of the 
electron wavefunction in the central Ga(In)SbJlayer. Hence the wavefunction overlap for electrons and 
holes is far greater than for a standard type-II design as can be seen by the sketched wavefunctions 
for electrons (continuous line) and holes (broken line) shown at the top of Figure 1.4 [26]. The 
devices studied in this thesis are type-I GalnAsSb and GaSb-based type-II “W” structure lasers and 
we are interested in how different loss mechanisms affect their performance.
1 .3  T y p e - I  S b -b a s e d  la se rs
The most successful material system in the 2-3 pm wavelength region is the GaSb-based system 
with type-I band alignment. Structures usually consist of GalnAsSb QWs separated by AlGaAsSb 
barriers and with AlGaAsSb waveguide/cladding layers, on GaSb substrates. The choice of substrate 
is governed by a number of factors. Firstly, the lattice constant of the substrate material must be 
suitable, in that there must be a range of III-V alloys with similar lattice constant which can be 
grown on the substrate to form cladding, waveguide and active layers. The three binary alloys of 
InAs, AlSb and GaSb meet this condition, as shown in Figure 1.2. They all have a lattice constant of 
approximately 6.1 A and III-V ternary or quaternary alloys of these 6 elements, with suitable lattice 
constant and band gap, can be grown epitaxially to form the required device layers. Another issue 
which needs to be addressed is the ease with which good quality substrate material can be grown.
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InAs substrate material grows with unintentional n-type doping, which is not easily controlled and 
hence it is not a particularly suitable substrate material. AlSb meets the two previous conditions 
but is susceptible to oxidation, which makes it a difficult substrate to work with. GaSb however, 
proves to be the most suitable of these three alloys for this type of device, since many ternary and 
quaternary alloys can be grown on it epitaxially, high quality substrates are easily obtainable, and 
there are no problems of oxidation.
Lrttfc* Constant (A)
F i g u r e  1 . 2 :  L a t t ic e  c o n s ta n t ,  b a n d  g a p  a n d  w a v e le n g th  o f  c o m m o n  s e m ic o n d u c to r  
m a te r ia ls .  I t  c a n  b e  seen  t h a t  a t  ~  6 . l A ,  th e re  a re  th re e  b in a ry  l l l - V  a llo y s  w h ic h  c a n  be  
in c o rp o ra te d  in t o  th e  d e s ig n  o f  M IR  d e v ic e s .
As mentioned above, the 3 binary compounds with similar lattice constants, offer 6 elements from 
which III-V ternary and quaternary alloys can be grown. This gives flexibility in the choice of material 
composition for each layer to give the band gap, band offsets and strain desired. The devices studied 
here are compressively strained and employ GalnAsSb QWs, with barrier, waveguide and cladding 
layers comprised of different compositions of AlGaAsSb. A schematic of the typical band alignment 
of these devices is shown in F i g u r e  1.3. High performance devices operating at R T  in CW mode 
have already been realised using this system and researchers continue to make improvements, with 
some of the lowest threshold currents for any quantum well laser being demonstrated. In this thesis, 
the basis for these low thresholds will be explored and the origin of their temperature sensitivity will
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GalnAsSb QWs
/  i \
F i g u r e  1 . 3 :  S c h e m a t ic  o f  t h e  ty p ic a l  b a n d  a l ig n m e n t  o f  a G a S b -b a s e d  ty p e -1  la s e r w i t h  
3  Q W s .  T h e  r e c o m b in a t io n  o f  e le c t r o n s  a n d  h o le s  is  s p a t ia l ly  d ir e c t ,  a s  t h e y  a re  c o n f in e d  
in  t h e  s a m e  la y e r.
be investigated.
Early devices of this type showed good performance at RT in the wavelength range of 2.0 - 2.5 
pm, using a double-heterostructure (DH) design. Threshold current densities were high by modern 
standards though, at ~7 kAcm-2  [27] and 3 kAcm“ 2 [28]. In the early 90’s the concept of using 
strained QWs in the active region was introduced to the GaSb-based type-I laser system. Significant 
advances were seen through the use of strained QWs, in the form of lower threshold currents, higher 
output powers and enhanced temperature performance. Choi and co-workers used a QW active 
region in their devices which had a comparatively low RT threshold current density of 260 Acm-2  
and CW output power of 190 mW per facet [29]. Later, lasers with pulsed threshold current densities 
of 143 Acm-2  and total output power of 1.3 W developed [30].
GaSb-based lasers with GalnAsSb strained QWs separated by AlGaAsSb barrier layers became the 
standard for this material system and continued development of the design has led to impressive 
performance figures for lasers the A ~2 - 2.6 pm range. For instance, CW threshold current densities 
as low as of 34 Acm-2  per QW for a A ~2.38 pm device, 50 Acm-2  for a A ~2.05 pm device and
58 Acm-2  per QW at 2.24 pm have been recorded at RT [31-33]. These low threshold figures have 
been attributed to several different improvements. For example, the use of broadened waveguide 
structures have helped to decrease internal losses in these devices to as low as 4 cm- 1  [3,31,34].
Several of the applications mentioned in SECTION 1.1 require high output powers and this material 
system looks quite promising in this respect. Output powers of over 500 mW have been achieved 
with the application of AR (anti-reflection) coatings on one facet of the devices and through the min­
imisation of heating effects [3,35]. In pulsed operation, (where internal heating is not as significant) 
output power of almost 5W at a heatsink temperature of 20°C was measured at a wavelength of 2.5 
pm [36]. At 2 pm, through the use of AR and HR (high-reflectivity) coatings, 1.7 W of output power 
was attained in CW mode and a peak power of 9 W was measured in pulsed operation [8].
In spite of these impressive figures, performance of these devices degrades greatly at wavelengths 
longer than 2.7 pm and RT, CW emission at around 3 pm has proven difficult to accomplish. At 
wavelengths longer than 2.7 pm, threshold current densities increase to several hundred Acm-2  
per quantum well [37-39] and the characteristic temperature To is reduced from around 90-100 
I< (at 2.3 pm) to 30-40 K at 2.7 pm [39], It seems there are a host of issues to consider when 
attempting to develop type-I Sb-based lasers at wavelengths longer than 2.7 pm. Not least, the 
increased contributions from Auger recombination and FCA which are difficult to avoid at these 
longer wavelengths [4].
Also, there appears to be a delicate balance to be met for growth of structures in this region. Firstly, 
the compressive strain in the QWs must be sufficient to avoid the miscibility gap of the quaternary 
alloy. Working too close to the miscibility gap will compromise the quality of the material and 
promote SRH non-radiative recombination. Secondly, to maintain a reasonable valence band offset 
(AEv), it is necessary to increase the As-content in the QWs, while increasing the In-content to 
decrease the band gap. A guideline to maintain a AFj,-value of about 130 meV and avoid leakage 
of holes from the QW, is to keep y = 0.32x. However, in trying meet this condition close to 3 pm 
when In-content is high, the compressive strain necessary becomes too great and there is the risk 
of strain relaxation (as layer thickness is also high to minimise quantisation energy) which leads to 
the formation of dislocations and high SRH currents. Maintaining a low As-content with respect to 
In-content at 2.7 pm does seem to give rise to very high threshold current densities, possibly due to
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the formation of dislocations as a result of the high compressive strain of 2.3 % in these devices [39]. 
Increasing the As-content at the risk of not achieving sufficient hole confinement seems to be a more 
successful approach. Kim et al, have managed to reach wavelengths of 2.7 and 2.8 pm by maintaining 
a conservative level of strain. Threshold current densities pgr QW were 175 Aem“2 and 600 Acm-2  
and output powers were as high as 500 mW and 160 mW for the 2.7 and 2.8 pm lasers respectively, 
at 16°C in CW mode. At even longer wavelength, lower threshold current densities per QW of 102 
Acm-2  and 172 Acm-2  for CW operation at RT have been achieved at wavelengths of 2.81 pm 
and 3.04 pm, respectively [33,37]. The valence band offset of the 3.04 pm device is estimated to 
be 83 meV. Although low, this seems to be sufficient and less of a problem than the high defect- 
related recombination associated with very highly strained material. Some experimental analysis of 
spontaneous emission characteristics and internal efficiency has suggested that it is indeed leakage of 
holes from the valence band and increased SRH current that are the cause of performance degradation 
at wavelengths approaching 3 pm [40]. Recently, a novel technique using quinternary AlGalnAsSb 
in the barrier/waveguide layers has allowed extension of the maximum operation wavelenth of these 
laser to 3.26 pm. The quinternary barriers increase the acheivable valence band offset, allowing these 
devices to operate up to 50° C [41].
Another possibility for realising A > 3.3pm emission with type-I Sb-based devices is to develop Sb- 
based dilute-nitride materials. A strong band gap bowing is observed in III-V materials with the 
addition of a small amount of nitrogen and very narrow band gaps can be achieved while maintaining 
substantial band offsets with the barrier materials [40]. Furthermore, suppression of the Auger 
recombination mechanism is possible with the III-V-nitride system. The introduction of nitrogen 
increases the non-parabolicity of the conduction band and the effective mass of the conduction band 
becomes more like that of the heavy-hole valence band, increasing the Auger activation energy. 
Although the concept of using III-V nitrides for long wavelength emission in the MIR is in the 
early stages of development, it has already been shown experimentally that suppression of the Auger 
process is possible [42],
In summary, the type-I GalnAsSb system grown on GaSb is the material of choice for the 2-2.7 
pm wavelength region. While threshold current densities of lasers in this range are low, they are 
still temperature sensitive and it is not clear from the literature what tlie origin of this temperature
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sensitivity is. Much research is needed to improve performance of devices in the 2.7-3.0 pm range and 
if the growth of structures containing quinternary barriers can be optimised, emission up to 3.3 pm 
may be possible. For emission beyond 3.3 pm it looks as if other device structures such as cascade 
lasers and “W” structure devices will need to be advanced. However, the possibility of moving to a 
dilute nitride device with this material system is open, as addition of small amounts of nitrogen to 
Gain As material has proven to decrease the band gap significantly, while maintaining a type-I band 
alignment [43].
1 .4  “ W ”  d io d e  la sers  -  T y p e - I I  S b -b a s e d  la sers
As discussed in the preceding section, the CW operation of type-I Sb-based laser diodes at RT is 
possible up to ~ 3 pm [33] and recent work has shown the possibility of pushing the operation 
wavelength of type-I devices to 3.3 pm [41]. Quantum cascade lasers have good characteristics 
at longer wavelengths [13-15] and continual improvements have meant that CW lasing at RT has 
been achieved at wavelengths as short as 3.8 pm [17,22]. In the spectral niche between these two 
technologies, about 3.3 to 3.8 pm, type-II “W” structure lasers display very good performance using 
both single stage and interband cascade designs. Although not yet realised, continued improvements 
show the potential for CW, RT operation across this range. CW emission has been achieved up to a 
temperature of 218 K for a single stage device with a wide-stripe geometry at an emission wavelength 
of 3.2 pm [44], while similar, narrow ridge devices have reached a CW operation temperature of 230 
I< due to better lateral heat dissipation [45].
Interband cascade lasers (ICLs) containing “W” active regions currently show slightly better per­
formance than single period devices. In CW mode, operation temperatures up to 257 K at 3.7 pm 
emission wavelength [46] and 264 K at 3.3 pm [47] have been accomplished. These figures bring the 
ICLs into the critical range of thermoelectric coolers, which greatly increases the scope for practical 
application of these lasers. The high efficiency of the cascade structure and lower series resistance 
are cited as the main reasons for this superior performance. In this project we study single stage 
“W" diode lasers with the aim of identifying the primary loss mechanism which is responsible for 
their strong temperature sensitivity. As ICLs with “W” active periods are subject to some of the 
same loss mechanisms as single-stage devices, this work will be useful in their development also.
The structure of a typical “W” diode laser with three active periods is shown in Figure 1,4 [26], 
The term, “W” diode laser, refers to the “W” shape of the conduction band profile as can be seen 
in Figure 1.4. In general, the “W” active periods consist of a central Ga(In)Sb hole confining 
QW, bounded by two electron confining InAs QWs which in-turn are bounded by two AlGa(As)Sb 
barriers (the barriers depicted in Figure 1.4 are for earlier versions of the structure), forming a 
type-II band alignment with a low and thin central barrier for electrons. The main waveguide and 
cladding layers are usually formed of AlGaAsSb and, like the type-I lasers, these devices are grown 
on GaSb substrates for the general reasons discussed in the previous section. This configuration 
offers several advantages over type-I, conventional type-II and superlattice (SL) structures in this 
wavelength band [26,48,49]. Firstly, as the central hole confining Ga(In)Sb layer is only of the order 
of 20-30 A-thick, the electron wavefunctions in the InAs layers on either side can tunnel into the 
Ga(In)Sb layer and couple to each other, creating a substantial probability amplitude for electrons in 
the conduction band of the hole-confining QW. This gives an overlap of the wavefunction for electrons 
and the wavefunction for holes which is estimated to yield optical matrix elements about 70% as large 
as that in a typical type-I structure. Calculations showing the large wavefunction overlap are detailed 
in [26]. Since Sb-based devices are difficult to grow with a type-I band alignment, the “W” lasers are 
a good alternative. The “W” structure also provides a 2D-dispersion for both electrons and holes 
which is not possible in SLs, which increases the density of states at the band edge, making it easier 
to achieve population inversion [26,50].
Another advantage of the “W” laser design is the potential for suppression of Auger recombination, 
which is always of major concern in narrow band gap diode lasers [4,51]. The suppression of Auger 
recombination is achieved since the resonance between the spin-orbit splitting energy and the band 
gap energy, which is present in bulk GaSb and InAs, is removed by the use of a type-II band alignment. 
Suppression of CHCG-type Auger processes is also achieved through the reduction of the in-plane 
effective mass of holes in the uppermost heavy hole band [26].
A steady improvement in electrical and optical characteristics has been observed over the course of 
development of “W” laser diodes and much has been learned about their principles of operation. 
Many design modifications are now incorporated as standard. For instance, the incorporation of a 
hole-blocking layer consisting of a InAs/AlSb SL which serves to prevent injected holes from escaping
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F i g u r e  1 . 4 :  T h e  b a n d  a l ig n m e n t  o f  ty p ic a l " W "  la s e r  s t r u c tu r e  w i t h  t h re e  “ W "  p e r io d s , 
r e p ro d u c e d  f r o m  M e y e r  et al [2 6 ]
from the active region [48]. Another important development has been the use of transition InAs/AlSb 
SL layers in order to smooth abrupt steps in the conduction and valence band profiles. Substantial 
improvements in the V-I characteristics were realised through the use of SL transition regions and 
may be partly responsible for improvements in the temperature performance of these devices [49,52].
Re-absorption of emitted photons by free carriers is often a problem in MIR diode lasers, as it 
increases as A2. In order to avoid excessive loss in this way, it is necessary to increase the overall 
width of the waveguide and to reduce the doping and hence the number of free carriers in the cladding 
layers next to the active region, where there is some overlap with the optical mode. Internal loss 
figures of recent devices are about 7 cm- 1  and constant over the 78 K - 190 K range studied [49], in 
comparison to early figures of 19 cm- 1  [53].
Inter-period transport of holes has also been of concern during the evolution of these lasers. Re­
searchers were concerned that holes injected into the heavy hole lasing state would not be injected 
uniformly across all “W” periods of the device. Typical devices contain 5 or 10 “W” periods. For 
this reason, quaternary AlGaAsSb barriers were employed in place of the AlAs or AlSb barriers used 
previously. This brought the first excited light-hole state to within 100 meV of the heavy-hole lasing
C H A P T E R 1. I N T R O D U C T I O N 15
state to allow some holes to be thermally excited to the light hole band where they can tunnel through 
the barriers to adjacent wells, while maintaining a reasonable population of holes in the heavy hole 
state [48,50].
Their improvements along with the optimisation of the MBE growth conditions [54,55] have led to 
the steady advancement of this technology. The latest single stage devices have threshold current 
densities as low as 30-40 Acm-2, operate above RT in pulsed operation and up to 218 K in CW 
mode with low internal loss and wallplug efficiencies of up to 10% [45]. The incorportion of “W” 
periods into ICLs has seen some of the best performance figures so far in this spectral range with 
CW lasing having been achieved up to higher temperatures than for single stage devices and with 
lower threshold current densities at 78 K. The work presented in this thesis is based on single stage 
devices but the results are also relevant to ICLs with “W" active regions.
In short, the Sb-based “W” lasers system achieves good results for lasers in this wavelength range 
using strong coupling between the InAs QWs to achieve a better overlap between the electron and 
hole wavefunctions (for a type-II structure). Steady advances have been made to improve operation 
at higher temperatures. ICL’s using “W” active periods, take advantage of the their cascade structure 
and have shown promising results at what is an early stage of development. ICLs however, are still 
subject to non-radiative Auger recombination as they use interband transitions. QCLs avoid this 
problem using only transitions between excited states of the conduction band. On the other hand, 
QCLs have the difficulty of engineering a suitable system for short wavelength operation and the 
non-radiative mechanism of fast phonon scattering from the upper to lower lasing states.
Chapter 2
Laser operation and analysis 
techniques
2 .1  I n t r o d u c t io n
Presented in this chapter is some basic semiconductor laser theory and some discussion on the analyses 
used in this project. The aim of this chapter is to provide the reader with the necessary background 
to understand the results and interpretation presented in subsequent chapters. Some basic laser 
diode principles will be introduced first, followed by an outline of the developments in semiconductor 
lasers which have had the most impact on laser performance. As the focus of this work is on the loss 
mechanisms in MIR laser diodes, the main loss mechanisms relevant to MIR lasers will be discussed 
in detail. This will be followed by an explanation of the theoretical background for the analysis 
techniques used in this work. For further reading on these subject areas, see refs. [56-60]
2 .2  S p o n t a n e o u s  a n d  s t im u la te d  o p t ic a l  t r a n s it io n s
Using a simplified two-level model, where the upper level represents the conduction band edge and 
the lower level represents the valence band edge, three important optical transitions are considered 
in Figure 2.1, where filled circles represent electrons (filled states) and open circles represent holes 
(empty states). In thermal equilibrium, the majority of states in the conduction band of an intrin­
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sic semiconductor will be empty and the majority of states in the valence band will be filled by 
electrons. However, the conduction band may contain some electrons when at thermal equilibrium 
at temperatures greater than 0 K or electrons may be excited/transported to the conduction band 
under external stimulation. There exists a finite probability that these electrons can de-excite into 
an empty state (also known as the recombination of an electron and a hole) in the valence band. 
This process is represented in F i g u r e  2.1(a) where an electron makes a transition from the upper 
level to the lower level. The energy dissipated by this de-excitation may be released as a photon. 
This is known as spontaneous emission. Photons emitted spontaneously have no phase and direction 
relationship to other spontaneously emitted photons in the same material.
(a) (b)
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F i g u r e  2 . 1 :  O p t ic a l  t r a n s i t io n s  in  a s e m ic o n d u c to r  m a te r ia l ,  s h o w n  fo r  a s im p le  tw o -  
le v e l m o d e l,  ( a )  s p o n ta n e o u s  e m is s io n ,  w h e re  a n  e le c t r o n  m a k e s  a d o w n w a rd  t r a n s i t io n  
t o  th e  v a le n c e  b a n d  a n d  re le a s e s  i t s  e n e rg y  as a p h o to n ,  ( b )  a b s o rp t io n ,  w h e re  a p h o to n  is 
a b s o rb e d  b y  a n  e le c t r o n  w h ic h  is  e x c ite d  t o  t h e  c o n d u c t io n  b a n d  a n d  ( c )  s t im u la te d  e m is ­
s io n , w h e re  a n  in c id e n t  p h o to n  s t im u la te s  th e  d e - e x c ita t io n  o f  a n  e le c t ro n  a c c o m p a n ie d  
b y  th e  e m is s io n  o f  a n o th e r  p h o to n  o f  th e  s a m e  p h a s e , e n e rg y  a n d  d ir e c t io n .
F i g u r e  2.1(b) shows an absorption transition, where the energy of an incident photon excites an 
electron in a state in the lower level across the forbidden energy gap into a state in the upper level. In 
order for this transition to occur, the incident photon must have an energy equal to or greater than 
the band gap. The final transition illustrated in F I G U R E  2.1(c) provides the necessary amplification 
for lasing to occur. Here, an incident photon perturbs an excited electron in the conduction band, 
de-exciting it and stimulating the emission of second photon which has the same energy, phase and 
direction as the incident photon. This mechanism, coupled with a suitable optical cavity allows a 
coherent optical field to be built-up. The necessary conditions for stimulated emission and lasing will 
be discussed in the following section.
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In thermal equilibrium at a temperature of 0 K, it can be assumed that all of the available states in 
the valence band are filled with electrons and all conduction band states are empty. As temperature 
is increased, the probability of states in the conduction band being occupied increases. In order to 
achieve population inversion, the concentration of electrons at the conduction band edge must be 
higher than the equilibrium level, so an external pumping mechanism is required. In the case of laser 
diodes, an electrically pumped pn-junction is used to inject electrons into the conduction band and 
holes into the valence band.
In order to achieve net gain, where the probability of stimulated emission is greater than the proba­
bility of absorption, population inversion is required. A material is said to have reached population 
inversion when the population of electrons in the upper state (conduction band) is greater than 
the population of electrons in the lower state (valence band). Both bands have a density of states 
associated with them, which can be multiplied by the probability of occupation of these states to 
estimate the carrier population. As carrier-carrier (e-e, e-h, h-h) scattering times are generally in the 
sub-picosecond range, which is much faster than typical electron-hole recombination times (^ns), one 
can assume electrons and holes are all at the same temperature. On the other hand, the two bands 
may have different quasi-Fermi energies and hence Fermi-Dirac statistics are employed to describe 
the carrier populations in the bands. The occupation probability, / c, of a conduction band state at 
energy Ec can be described by:
N D  =  T  i  (2-1) 
exP~kFf + 1
where ks is the Boltzmann constant, T is the temperature and Fc is the quasi-Fermi level for electrons 
in the conduction band, which corresponds to the energy at which the state has a 50% occupation 
probability Similarily, the probability of occupation for a state of energy Ev in the valence band is:
N D  =  fa.V  (2'2)
where Fv is the quasi-Fermi level for electrons in the valence band.
For a semiconductor in thermal equilibrium at RT, the number of electrons in the conduction band 
is much smaller than the number of electrons in the valence band and hence absorption is much 
more likely than emission. Under external pumping, the separation between the quasi-Fermi levels is 
increased. The transparency point, when the probability of absorption is the same as the probability 
of stimulated emission is given by the Bernard-Duraffourg condition:
Fc- F v = Eg (2.3)
Once this condition is satisfied, further separation of the quasi-Fermi levels brings about population 
inversion, where positive gain is achieved.
2 .4  F a b r y -P e r o t  c a v it y
In order to take advantage of the optical gain in a semiconductor at transparency, some form of 
feedback mechanism is necessary. In the case of the edge emitting lasers studied here, feedback is 
provided by a Fabry-Perot (F-P) cavity, shown in FIGURE 2.2. The F-P cavity is formed by the end 
facets of a laser which are cleaved along a crystallographic plane of the material. The facets form 
an optical cavity with partially reflecting mirrors at either end. The end mirrors (facets) reflect a 
portion of the light incident on them back into the gain medium where it experiences amplification.
The F-P cavity also acts as a resonator, where a discrete set of modes or standing waves resonate 
and experience gain. The wavelength of these modes is dependent on the length of the cavity:
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F igu re  2.2: A Fabry-Perot cavity, which provides the necessary feedback for lasing. 
Mirrors are simply the cleaved facets of the laser structure and have reflectivities, Ri and 
R2, which are about 30% for a semiconductor-air interface.
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mX _ .—— — pLcav (2-4)
where m =  1,2,3..., Lcav is the F-P cavity length and p is the effective refractive index of the 
gain material. It follows from EQN.(2.4), that the maximum wavelength supported by the cavity is 
Xmax = 2pLcav and the modes will be spaced AA apart, where
A A = 2  jL(2'5)
The mode nearest to the peak of the gain spectrum will experience most amplification and will begin 
to lase once certain conditions have been met. Once a laser has been pumped to transparency, it is 
then necessary to supply additional current to compensate for losses in the cavity and sustain lasing.
These losses include light allowed to escape from the cavity through the partially reflecting mirrors,
scattering losses and losses through re-absorption within the cavity. Lasing is achieved once the 
level of gain reached is sufficient to overcome the total cavity losses. This is evident in the following 
equation for the threshold gain per unit length:
9th — p 1 7 f 1 \cti -j- —  In — -2 Lcav \R1R2 J (2 .6)
P represents the fraction of the optical mode which overlaps the active region, ai is the internal loss 
per unit length and Ri & R2 represent the reflectivity of the end facets. In an electrically pumped 
laser the point at which sufficient current is supplied to achieve the above condition, i.e. satisfying 
EQN.(2.6), is known as the threshold current, 1th-
2 .5  C a r r ie r  a n d  o p t ic a l  c o n f in e m e n t
Early diode lasers used a simple p-n junction (Figure 2.3(a)), where carriers only had a harrow 
depletion region in which to recombine and could easily be swept across the depletion region without 
recombination. These devices had extremely high threshold current densities and were limited to 
pulsed operation at low temperature. The development of the double heterostructure (DH-structure) 
p-i-n diode laser provided a mechanism for the confinement of carriers in the active region, greatly
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increasing the probability of radiative recombination. These devices consist of a thin layer of undoped 
semiconductor sandwiched between two doped semiconductor layers of larger band gap, as illustrated 
in FIGURE 2.3(b) where the junction is under forward bias and at high current. It can be seen that 
electrons and holes are transported into the active region easily but are prevented from being swept 
through the junction by the potential barrier formed at the heterointerface. The use of DH-structures 
helped to decrease threshold current densities of diode lasers by several orders of magnitude, greatly 
improving their performance.
CB
VB
( a )
N
CB
Recombination region
(b)
Electrons
VB
Holes
N
Active region
F i g u r e  2 . 3 :  ( a )  a s im p le  p -n  ju n c t io n  u n d e r  fo rw a rd  b ia s  w h e re  c a r r ie r  c a n  b e  e a s ily  
s w e p t  a c ro s s  th e  ju n c t io n  a n d  ( b )  a D - H  s t r u c t u r e  ju n c t io n  u n d e r  fo rw a rd  b ia s  w h e re  
c a r r ie rs  a re  c o n f in e d  t o  t h e  a c t iv e  re g io n .
The DH-structure also presented another useful characteristic, in that it served to confine the optical 
field to the active region, increasing the photon density in the gain region and hence increasing the 
rate of stimulated emission. Conveniently, the fact that III-V semiconductor material of larger band 
gap has smaller refractive index confines photons by total internal reflection at the layer interfaces. 
The extent of confinement of the optical field in a DH-structure will depend on the width of the 
active region and the refractive index difference between the layers. Optical confinement is especially 
important for MIR lasers, as photons travelling in the doped cladding layers can easily be absorbed 
by free carriers.
The use of DH-structures serves to confine carriers and photons in the growth direction. For a
variety of reasons, including the control of the number of lateral modes supported by the cavity 
and to reduce the overall threshold current (by reducing the area of the active region), confinement 
in the lateral direction is also desirable. The lasers studied here use two common types of lateral 
confinement - stripe contact lasers and ridge waveguide structures. The simple stripe geometry is 
fabricated using photolithography to define a stripe contact on top of the laser, with two electrically 
isolated regions either side. The stripe geometry provides current confinement by reducing the contact 
area of the diode. While this technique can provide adequate confinement for current, photons are 
only weakly guided through a slight current-induced change in the refractive index of the pumped, 
gain region (known as gain-guiding). Ridge waveguide structure are formed by masking a narrow 
ridge along the length of the cavity and then etching through the cladding layers to just above the 
active region. Either side of the ridge is usually filled with polymer to provide high refractive index 
contrast and electrical isolation. This structure provides good current confinement and good optical 
confinement due to the overlap of the optical mode with the ridge/polymer interface (high refractive 
index contrast). This is known as index-guiding. More complex designs can offer better lateral optical 
and carrier confinement in the active region but usually require more complex fabrication processes.
2 .6  R e d u c e d  d im e n s io n a l it y  in  q u a n t u m  w e lls
In a semiconductor, the threshold carrier density required for lasing is strongly dependent on the 
density of states in the conduction band and valence band. In Figure 2.4(a), it can be seen that 
the density of states near the band edge for a bulk semiconductor at RT is small. While having few 
states near the band edge makes it easy to achieve transparency, states of higher energy need to be 
filled in order to have enough gain to achieve lasing. This results in a broad gain spectrum, whose 
peak shifts to higher energies with increasing carrier concentration. The shaded region of Figure 
2.4(a) shows the density of filled states as a function of energy for a fixed carrier density. This is 
simply the integral of the density of states function and the Fermi function over energy:
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N = f  pe(E)f(E)dE (2.7)
If the movement of electrons in the semiconductor is restricted to a 2D-plane, like in a quantum
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F ig u re  2.4 : The density o f states o f (a) a bulk semiconductor and (b) for a quantum 
well. The shaded regions represent the occupancy o f the states at a fixed carrier
density, clearly, the peak o f the carrier distribution is near the band edge for the
quantum well.
well, the density of states is altered. The density of states in a QW is step-like as shown in F i g u r e  
2.4(b) and the density of filled states for a given carrier density above transparency (shaded region) 
will have its peak near the band edge (in the growth direction). This means that for a QW, carriers 
injected above transparency will fill states near the band edge, increasing the gain near the band
edge. As the gain spectrum will be narrower for a QW and the peak gain will occur near the band
edge, more of the carriers injected above transparency can contribute to useful gain.
Of course, the above discussion assumes symmetric band structure. In a MIR III-V semiconductor 
the effective mass of the valence band is much greater than that of the conduction band and hence 
the density of states is much higher in the valence band. This imbalance in the density of states gets 
more severe with decreasing band gap and hence is an important consideration for MIR devices. The 
imbalance in the density of states is helped somewhat by the use of QW structures as the degeneracy 
between the light and heavy hole bands at the band edge is removed, since the confinement energy 
for the light hole states is much greater than that of the heavy hole states.
2 .7  I n c o r p o r a t io n  o f  s t r a in  in  t h e  a c t iv e  r e g io n
Another improvement to semiconductor laser design is the incorporation of strain into active layers. 
Strain is induced simply by growing a thin layer of material on top of a thick bullc-like layer with 
slightly different lattice constant. Originally, strain was expected to have a negative impact on the
material quality, since it was thought the strain would relax as the layer grows thicker, with the 
introduction of dislocations. However, for a moderate level of strain, if the thickness of the strained 
layer is kept below a critical level, dislocations can be avoided. The lattice of the strained layer 
simply distorts to fit that of the bulk layer. As the band structure of III-V semiconductors is highly 
dependent on the lattice spacing, it was proposed that the introduction of strain could induce changes 
in the band structure which could be of significant benefit to laser performance [61,62].
There are two types of strain used in semiconductors, defined by the biaxial strain in the plane 
of the growth layer. Biaxial tensile strain occurs when the lattice constant of the strained layer is 
smaller than that of the bulk layer and hence the lattice of the strained layer is stretched in-plane 
and compressed perpendicular to the plane of the growth layer (assuming the material has a positive 
Poisson’s ratio), as illustrated in Figure 2.5(a). Figure 2.5(b), shows that if the lattice constant 
of the strained layer is larger than that of the bulk layer, the lattice is compressively strained in­
plane and stretched in the growth direction. Most of the devices studied here incorporate biaxial 
compressive strain.
There are two components of strain which influence the band structure in different ways. The 
effect on the bulk band structure (FIGURE 2.6(a)) shall be considered here for simplicity. Firstly, 
the hydrostatic component (due to the total volume change) increases the band gap for biaxial 
compressive strain and decreases the band gap for biaxial tensile strain. Secondly, the uniaxial 
component of strain increases the separation between the heavy hole (HH) band and the light hole 
(LH) band at the P-point for biaxial compressive strain. Additionally, the valence band dispersion 
becomes anisotropic, with the in-plane mass of the uppermost valence band becoming lighter than 
the mass in the growth direction as shown in Figure 2.6(b). It is useful to note a possible point 
of confusion here - some authors call the uppermost valence band, in FIGURE 2.6(b) the HH-band 
because the growth direction mass (important for confined state energies in a QW) is heavy and 
some call it the LH-band, because the in-plane mass (important for low density of states) is light. 
In this discussion we shall mainly be concerned with the in-plane effective mass. As mentioned 
previously, in MIR III-V materials there is a strong asymmetry between the density of states near 
the conduction band edge and the density of states near the valence band edge, due to the asymmetry 
of their effective masses. The incorporation of biaxial compressive strain can be employed to reduce
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F i g u r e  2 . 5 :  (a) A  layer with small lattice constant grown on top of a bulk layer with 
larger lattice constant. The thin layer experiences tensile strain in the plane and com­
pressive strain in the growth direction, (b) a layer with larger lattice constant grown on 
top of a bulk layer with smaller lattice constant. The thin layer becomes compressively 
strained in the plane and experiences tensile strain in the growth direction.
the density of states at the valence band edge, bringing it closer to that of the conduction band edge 
and hence decreasing the carrier concentration necessary to reach transparency. In the case of a QW 
where there is already some HH-LH splitting, compressive strain will serve to increase this splitting 
further and hence further reduce the density of states at the valence band edge.
F i g u r e  2.6(c) shows the effect of tensile strain on the band structure, which is opposite to that of 
compressive strain. Although, QWs with tensile strain are not studied in this thesis, there are also 
advantages to be gained through the use of this type of strain [63,64].
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F igu re  2.6 : (a) Typical band structure of a bulk unstrained III-V semiconductor where
k|| refers to momentum in the plane of the growth layer and kJ_ refers to momentum in
the growth direction, (b) The effect of biaxial compressive strain on the band structure 
of a III-V semiconductor and (c) the effect of biaxial tensile strain.
2 .8  R e c o m b in a t io n  p r o c e s s e s
Radiative recombination in a laser diode, where an electron recombines with a hole producing a 
photon, can be either spontaneous or stimulated by an incident photon of the correct energy, hu, 
as described in Section 2.2. Spontaneous radiative recombination below threshold is necessary to 
provide photons for the stimulated emission process to take place. The carrier concentration required 
to reach transparency relies on the band structure of the material, while the current required to
maintain this condition in the steady state depends on the total recombination rate. Current must
be supplied to account for the radiative recombination rate at transparency and also to account for 
the non-radiative recombination rate. These non-radiative processes cause the threshold current of 
the laser to increase and are detrimental to its overall performance. Understanding the primary 
non-radiative recombination processes in MIR semiconductor lasers and the extent to which they 
impact laser performance is a major objective of this work.
At threshold, the current flowing through a laser can be approximated by the following expression:
Ith =  eV (A n +  Bn2 +  C n3) +  Ilcak (2.8)
where e is the electronic charge, V is the volume of the active region and n is the carrier concentration 
(assuming n =  p for an intrinsic active region). A, B and C are coefficients representing the three 
main recombination processes of; Shockley-Read-Hall recombination (through defects and impuri­
ties), radiative recombination and Auger recombination, respectively. The term {An +  Bn2 +  Cn3)
is the number of recombination events per unit volume per second, i.e. the carrier lifetime is given
by:
^ =  {An +  Bn2 +  Cn3) (2.9)
Iieak represents the contribution from current or carrier leakage out of the QWs. The subsections 
which follow will describe some examples of these recombination processes in more detail.
2.8.1 Radiative recom bination
Radiative recombination requires the presence of an electron and a hole in the correct states. If n 
represents the density of electrons in the conduction band and p represents the density of holes in 
the valence band, then the radiative recombination rate can be described as follows:
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Rrad =  Bnp (2.10)
As the active regions of the devices studied are nominally undoped, we make the assumption that 
n — p and hence from EQN. (2.8) the current necessary to maintain this recombination rate is:
Ith =  eVBn2 (2 .1 1 )
2.8.2 Shockley-Read-Hall recom bination
Shockley-Read-Hall (SRH) recombination (through defects and impurities) occurs when a carrier 
recombines through a defect state or trap within the band gap of the material. These defect or 
impurity states are usually created during growth and include impurity atoms, vacancies and surface 
states. The rate of SRH recombination can be described by:
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Rsrh =  An or Ap (2.12)
where A is the coefficient relating to the process. SRH recombination is described as being single 
carrier dependent, since defects usually have a strong affinity for either electrons or for holes. For 
instance, if a particular defect has a strong affinity for electrons, there is a high probability that it 
will be occupied by an electron. The recombination process will then be governed by the probability 
of finding a hole in a suitable state which is needed to complete the recombination from one band to 
another. The amount of current at threshold which is consumed by this process is highly dependent 
on the growth quality of the crystal and can be estimated by the expression:
Isrh = eVAn (2.13)
in an undoped material where it is assumed that n = p.
2.8.3 Auger recombination
Auger Recombination is a major non-radiative mechanism of concern for MIR devices as this type of 
transition becomes much more probable for narrow band gap materials [51,59]. In general, the Auger 
process involves the energy released during recombination of an electron and a hole being used to 
excite another electron or hole to a higher energy state and hence it is referred to as a three carrier 
process. The Auger recombination rate can be approximated by the expression:
RAug — Cn2p or Cp2n (2-14)
depending on which of the main Auger processes, discussed below, is dominant. C is known as the 
Auger recombination coefficient and again as the material is undoped, we shall make the assumption 
that the electron and hole concentrations are equal (n — p) and the relationship becomes RAug — 
Cn3. The additional current required to account for the rate of Auger recombination in a particular 
laser at threshold is:
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Ith =  eVCn3 (2.15)
F i g u r e  2.7 shows the three main Auger recombination processes which are expected to be significant 
in III-V QW lasers [56,65] for a simple bulk unstrained band structure. The CHCC process in FIGURE 
2.7(a) results in the excess energy from the recombination of a conduction band electron with a heavy 
hole being transferred to a another conduction band electron, which is then excited to a higher state 
in the conduction band.
The CHSH process in F i g u r e  2.7(c) excites a heavy hole further into the valence band, into the 
spin-orbit split off band to be precise, and hence is referred to as a hot-hole producing process. The 
CHLH process in F i g u r e  2.7(b) is similar to CHSH with the hot-hole being generated deep in the 
light hole band.
The Auger recombination process is highly sensitive to both temperature and band structure. Tem­
perature affects the Auger process by both increasing njh and through an increase in C, since a 
greater thermal spread of carriers increases the number of allowed Auger transitions. The increase 
in C with temperature can,be expressed as follows:
C =  C0e x p { -Y }  (2.16)
where Cq is temperature independent to a first approximation. Ea is a phenomenological Auger 
activation energy, which is specific to the type of Auger process [51]. The dependence of the CHCC 
and CHSH Auger processes on band gap energy, spin-orbit splitting energy and effective mass, for 
parabolic bands, can be seen in e q n .  (2.17) & (2.18).
=  ( 2 ' 1 7 )  
Ea{CHSH) =  ^ - f F - ^ ( Eg- A so)(2.18)
where mc, m/t and ms are the effective mass of carriers in the conduction, heavy hole and split-off 
band respectively and Aso is the spin-orbit splitting energy [66]. The above equations are based on 
a simple model assuming parabolic band structure and Boltzmann statistics, which is not the case
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F i g u r e  2 . 7 :  T h e  th re e  m a in  A u g e r  p ro ce s se s  in  I I I - V  m a te r ia ls  f o r  a s im p le  b u lk  b a n d  
s t r u c tu r e ,  ( a )  T h e  C H C C  p ro c e s s  w h e re  th e  e n e rg y  f r o m  th e  re c o m b in a t io n  o f  a n  e le c t ro n  
a n d  a h o le , e x c ite s  a n o th e r  e le c t ro n  in t o  an  e m p ty  s ta te  h ig h  in  th e  c o n d u c t io n  b a n d , ( b )  
C H L H  w h e re  a h e a v y  h o le  is  e x c ite d  d e e p  in t o  th e  l ig h t  h o le  b a n d  a n d  ( c )  C H S H  w h e re  
a h e a v y  h o le  is  e x c ite d  t o  th e  s p in  s p l i t - o f f  b a n d
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for MIR III-V materials at high injection. However, EQN. (2.17) & (2.18) are useful to show the 
general effect that changes in the band structure can have on Ea. The effect of a reduced activation 
energy for the CHCC Auger process in a narrow band gap semiconductor, where both Eg and rnc 
are reduced can be seen in F i g u r e  2.8 [59].
Energy
F i g u r e  2 . 8 :  S c h e m a t ic  e n e rg y  v e rs u s  m o m e n tu m  d ia g ra m  s h o w in g  t h e  d if fe re n c e  in  
A u g e r  a c t iv a t io n  e n e rg y  fo r  t h e  C H C C  p ro c e s s  in  ( a )  a w id e  b a n d  g a p  m a te r ia l  a n d  ( b )  a 
n a r ro w  b a n d  g a p  m a te r ia l .
2 .9  A d d i t io n a l  lo ss  m e c h a n is m s
Aside from non-radiative recombination processes there are quite a few additional loss mechanisms 
which can be a problem in semiconductor lasers. The following sub-sections contain discussion on 
three such mechanisms which should be considered when dealing with interband MIR III-V diode 
lasers, like the devices studied in this project.
2.9.1 Free carrier absorption
Free carrier absorption (FCA), is a loss process which occurs when the energy of a photon is absorbed 
by a free carrier, raising it to higher energy. This loss mechanism can make up a significant portion 
of the internal loss, in e q n . (2 .6) increasing the gain necessary to reach threshold. FCA can occur 
in the conduction band (where the energy is absorbed by an electron) or in the valence band (where 
the energy is absorbed by a hole). FCA in the active region can be a problem, especially if there is
a resonance between a valence sub-band energy separation and the photon energy. This is known 
as inter-valence band absorption and will be discussed separately in the next section. Depending 
on how well the optical mode is confined to the active region, FCA can also be significant in the 
doped cladding layers as there is a high population of free carriers in these regions. FCA is also 
more problematic for longer wavelength devices as it is easier to find transitions with less momentum 
transfer. Its dependence on wavelength is approximately oc A2 [57].
2.9 .2  Inter-valence band absorption
Inter-valence band absorption (IVBA) occurs when the energy of a photon is absorbed by an electron 
in the light hole band or the spin split-off band. This electron is excited into an empty state in the 
light or heavy hole band as shown in Figure 2.9, where it can be see that the transition must be 
almost vertical as there is negligible momentum transfer from the absorbed photon. The magnitude 
of IVBA in a particular laser structure is highly dependent on the band structure of the material, 
specifically the spin-orbit splitting energy Aso. IVBA is also dependent on the hole density in the 
heavy hole band and on temperature, as the thermal spread of carriers will determine how far out in 
k-space this absorption can occur [70].
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F igure 2 .9: IVBA absorption which becomes significant when the energy separation of 
the heavy hole and spin split-off band or energy separation of heavy hole and light hole 
band are comparable to that of the photon energy.
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F ig u re  2 .10: Schematic o f a type-I Q W  where injected carriers can escape from the 
Q W  without recombination if A E c or A Ev is not sufficient at a certain temperature.
Like FCA, IVBA will increase the internal loss a/ in EQ N .(2.6), increasing the gain necessary to 
achieve threshold. Therefore, there is an increase in nth which has the effect of increasing the 
threshold current and increasing the significance of the n3-dependent Auger process [71,72].
2.9.3 Leakage
Leakage of carriers out of the QW can be another non-radiative loss mechanism in structures where 
the potential barriers between adjacent layers are not high enough. Figure 2.10 shows how leakage 
can occur across the heterobarrier between the QW and barrier layers in a laser, should the carriers 
have sufficient thermal energy to escape. Carrier leakage depends on both the thermal spread of 
carriers at the operation temperature and the height of the potential barrier. The height of the 
potential barrier between the conduction band minimum in the QW and that of the barrier layer is 
known as the conduction band offset (AEc). Similarly, the valence band offset (AEv) is the potential 
barrier between the valence band maximum of the QW and that the barrier layer shown in FIGURE 
2.10.
Some III-V materials are also susceptible to leakage into satellite minima (which have a high density 
of states), as shown in Figure 2.11, where carriers can find some other recombination path which 
does not contribute to gain. For instance, leakage to X-minima can be a major loss process for lasers 
emitting at around 670 nm [73].
C H A P T E R  2. L A S E R  O P E R A T I O N  A N D  A N A L Y S I S  T E C H N I Q U E S  34
F ig u re  2 .11: Energy versus momentum diagram, showing the indirect X  and L 
satellite minima. If the energy separation between these minima and the minimum of 
the conduction band at the E-point is too small, carriers can leak into these valleys.
2,9.4 Auger-generated hot carriers
The possibility of an additional leakage current arising from hot carriers, generated as a result of 
the Auger process, must be considered. These hot carriers, resulting from an Auger event, have an 
energy >Eg, ~ 500-600 meV for the type-I devices studied here. Hence they are not confined in the 
QW, since the QW-barrier band offsets are smaller than the energy of these hot carriers. The hot 
carriers quickly relax but will also be subject to drift and diffusion within the structure, as discussed 
for 1.5 pm lasers in ref. [67].
For the shortest wavelength devices studied in this thesis, the 2.11 pm devices, it is estimated that 
AEc ~  325 meV and AEv ~  140 meV, assuming a band offset ratio of 70/30 [68] and taking the 
difference between the lasing energy and the band gap of the barrier material [69]. In flat band 
conditions, one might take a similar band offset ratio between the barrier and cladding material, 
so that the total offset from the Fermi level in the conduction band of the QW to the minimum of 
the conduction band in the cladding would be approximately 710 meV. However, this neglects the 
built-in potential due to the doping in the cladding regions. The simplest picture would be to put all 
of the offset between the cladding and SCH barrier in the conduction band on the p-type cladding 
side, making the offset closer to 875 meV. In either approximation, hot Auger electrons (at energies
slightly larger than Eiase =  588 meV) generated by the CHCC process will not have enough energy 
to escape into the cladding layers.
In the 70/30 approximation for the holes, the total valence band offset from the valence band max­
imum in the QW to the valence band maximum in the cladding layers is about 310 meV [69]. 
Alternatively, assuming that all of the offset between the cladding and SCH barrier is in the valence 
band presents a potential barrier of ^690 meV. The actual offset is likely to be somewhere between 
these two values. Therefore, hot Auger-excited holes might have enough energy to escape into the 
cladding. However, it has been shown [67] that the escape probability for holes falls off quickly with 
distance from the cladding layers (^10x reduction within the first ^75 nm) in similar 1.5 pm struc­
tures due to the low hole mobility. The kinetic energy of the Auger-generated hot hole once it is in 
the SCH barrier material is ~400 meV, and the ballistic transit time to reach the cladding interface 
which is 375 nm from where the hot hole is generated is therefore about 200-500 fs, depending on the 
effective mass. This is greater even than typical electron-phonon scattering times (~100 fs), hole-hole 
and hole-phonon scattering times are expected to be much shorter. We therefore conclude that it 
is unlikely that hot holes will be able to travel ballistically out into the cladding to recombine and 
constitute a leakage current.
2 .1 0  S p o n t a n e o u s  e m is s io n  a n a ly s is
The spontaneous emission analysis technique used here has been adapted for application to the MIR 
spectral range. Previously, investigations of the variation in spontaneous emission characteristics with 
temperature have successfully been used to examine and optimize the properties of near-infrared 
semiconductor lasers for optical fibre communications [74, 75]. It is hoped that the use of this 
technique in the MIR can help to broaden the understanding of the performance of these devices.
If the current flowing through a laser diode at threshold is described by EQ N .(2.8), a few simple 
relationships can be used to analyse the change in the integrated spontaneous emission with current. 
It should be noted that for the approximations made in the following analysis using EQ N .(2.8), it is 
important that the spontaneous emission measured has not experienced gain or absorption within the 
device and for this reason the spontaneous emission is collected through a window in the substrate 
metallisation as described in the next chapter, S e c t i o n  3.2.1.
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From EQ N .(2.8), over a limited current range, it may be written that I  ccnz with Z =  1, 2 or 3, cor­
responding to dominant SRH, radiative or Auger recombination respectively. Since the spontaneous 
emission, LSpon, from the device is directly proportional to the radiative current at threshold (I rad) 
and Irad oc n2 (assuming B is independent of n), we may write that Lspon oc n 2 and hence n  oc L l p f a .  
Consequently, I  oc (L \ p t n )z and thus, by plotting l n ( I )  versus In ( L l p o n )  the gradient yields a value 
of Z, the power dependence of the current on carrier density. Therefore, the value of Z close to 
threshold, can indicate the dominant recombination mechanism at threshold. If carrier leakage 
becomes dominant at higher temperatures, Ztk can take values higher than 3, as carrier leakage has 
an exponential dependency on carrier density.
2 .1 1  T h e  u se  o f  h y d r o s t a t ic  p r e s s u r e  t o  a n a ly s e  I I I - V  d io d e  la sers
The application of hydrostatic pressure to a III-V semiconductor causes an increase in the direct 
band gap. Thus, we can use pressure as an externally variable parameter to investigate and quantify 
band gap dependent processes. The radiative current is expected to increase with increasing pressure 
(band gap). In a near-ideal QW laser with low loss the radiative current is expected to increase with 
the band gap as, J rad oc E2 [76]. Experimental results show this relationship to be a reasonable 
approximation [77,78]. However, the rate of change of J rad with pressure can vary as there is an 
increase in the optical confinement factor, T, with decreasing wavelength (increasing pressure). The 
decrease in T leads to a decrease in loss and hence in n th which will cause J rad to have a weaker 
dependence than E2.
The main non-radiative mechanisms will have different dependencies as summarised in F i g u r e  2.12. 
Should a laser be dominated by SRH recombination, its threshold would be extected to be relativily 
independent of pressure. If Auger were the dominant current path, a decrease in threshold with 
pressure would be expected as Auger recombination becomes less significant with increasing band gap, 
as discussed in S e c t i o n  2.8.3. Carrier leakage might be expected to affect the pressure dependence in 
one of two ways, depending on whether it is direct from the QW into the barrier material or indirect 
from the T-point in the QW to the L or X satellite valleys. Direct leakage is expected to be pressure 
independent, as the QW and barrier materials usually have very similar pressure coefficients. Also, 
the change in the valence band offset in III-V QW systems is measured [79] and calculated [80] to be
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negligibly small, i.e. there is no significant change in the band offset ratio. Figure 2.13 shows how 
the X and L valleys move relative to the T-point and how leakage to either of these valleys would 
increase as a function of pressure, but at different rates.
In summary, with some knowledge of the material band structure of a laser, pressure can prove a very 
useful tool to identify the dominant recombination path at threshold. Often, pressue can be used to 
distinguish between two loss mechanisms which are suspected to be important. Also, as the lasing 
wavelength is changing with pressure, information on how similar lasers of different wavelengths will 
behave can be collected.
2 .1 2  M id - in fr a r e d  c o n s id e r a t io n s
When applying analysis techniques used at visible and NIR wavelengths to the MIR spectral range, 
both experimental and theoretical differences associated with the MIR region need to be considered. 
The experimental challenges, considered in detail in the next chapter, have been a major focus of this 
work and addressing these challenges has allowed the application of spontaneous emission analysis 
and low temperature, high pressure techniques to a number of MIR devices. From a theoretical point 
of view, the analyses involve a number of approximations and simplifications which are mentioned 
throughout this chapter. Two of the most important assumptions made are to do with the parabolic-
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Pressure
F igure  2 .12 : Different non-radiative loss mechanisms have different band gap (pressure) 
dependencies. This schematic shows the general trends which are expected to be observed 
when different process dominate the threshold current at ambient pressure, it should be 
noted that these are general trends for III-V diode lasers and may differ for particular 
cases.
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1.5 meV /kbar
F ig u re  2 .13: The X  and L satellite valleys have different pressure coefficients than 
the direct T-valley, hence the T-L and T-X  energy splittings change with applied 
pressure. This can be used to identify when leakage to indirect satellite valleys is 
becoming important. The pressure coefficients shown for the X - and L-minima are 
approximate figures for GaSb [81] and the pressure coefficient o f the direct band gap 
at the F-point is an approximate figure for the GalnAsSb material studied here.
ity and the symmetry of the bands. Non-parabolicity is known to be more significant in narrow band 
gap materials, as the conduction band and valence bands are close in energy and their influence on 
each other is more pronounced. The asymmetry of the effective masses (m* <C m*h) of the conduction 
band and heavy hole band is also more pronounced at longer wavelengths as shown previously in 
F i g u r e  2.8. This effect causes the imbalance between the density of states of the bands to increase 
at longer wavelengths and can have a significant impact on the loss processes studied here [59],
Certainly, there is scope for future work to look at some of these approximations in more detail 
and make adjustments to the analysis and interpretation where appropriate. However, this was not 
possible within the scope of this project, so these approximations will be highlighted and taken into 
consideration in the interpretation of results.
Chapter 3
Experimental Development
3 .1  I n t r o d u c t io n
Working in the MIR spectral range presents a whole host of problems and difficulties which need to 
be addressed or sometimes just tolerated. Experiments in the NIR and visible regions tend to be 
more straight-forward as experimental equipment and instrumentation in these wavelength regimes 
is more highly developed and generally easier to work with. NIR silica fibres, detectors and spectrum 
analysers are not suitable for use at MIR wavelengths. Instead, specialist fibres, cryogenically-cooled 
detectors and Fourier Transform Infrared (FTIR) spectrometers have to be employed. The superior 
development of NIR/visible technologies is mainly due to the strong industry drivers which have 
existed at these wavelengths and the fact that some of the fundamental physical features make NIR 
and visible materials easier to engineer. In this chapter, two characterisation techniques, which 
are routinely used in the NIR and visible regions, will be described and the adaptation of these 
techniques to the MIR will be discussed. The motivation behind the development of these in-depth 
characterisation techniques for the MIR was to further the understanding of the physics of the 
particular devices studied and to develop investigative tools which will be beneficial to MIR research 
as a whole. Very little of this type of work at MIR wavelengths had been carried out previously, so 
a substantial amount of developmental work was necessary to make these experiments possible.
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Analysis of the spontaneous emission characteristics of a semiconductor laser can be used to quan­
tify the loss processes which affect its performance [74]. The technique involves collection of the 
spontaneous emission from an operating laser and the analysis of how the spontaneous emission 
characteristics vary with current and temperature. Spontaneous emission analysis on devices in the
2.3 - 2.6 pm range had been carried out previously, but the collection technique was from the side 
of the laser chip [34]. In the experiments presented here, it was chosen to collect the spontaneous 
emission from a window in the substrate contact of the laser chip, as spontaneous emission collected 
from the side can be susceptible to absorption or amplification within the laser cavity (particularly in 
devices with wide-stripe geometry). It is important for the analysis used that the collected light has 
not undergone any gain or absorption. Measurements of integrated spontaneous emission as a func­
tion of injected current are taken at each temperature and a profile of the radiative and non-radiative 
contributions to the threshold current can be built-up. An optical fibre, coupled to a window milled 
into the substrate contact of the device is used to collect the spontaneous emission as shown in 
F i g u r e  3.1. F i g u r e  3.2 shows a sample spontaneous emission Lse — I curve and a facet (lasing) 
emission L — I curve for a 2.37 pm laser at RT.
The spontaneous emission in an ideal QW laser is expected to pin above threshold, since the carrier
Chalcogenide fibre
F i g u r e  3 . 1 :  Schematic diagram of the window in a laser, used to collect unamplified 
spontaneous emission.
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F i g u r e  3 . 2 :  A sample Lse — I curve measured with the fibre directly coupled to a InSb 
detector, where pinning of the spontaneous emission is not observed.
density is clamped when the lasing process begins and any additional injected carriers take part in 
stimulated emission. Complete pinning of the spontaneous emission above threshold is not observed 
in any of the devices analysed during this work. This raises two concerns. Firstly, is this non-pinning 
due to scattered lasing emission being collected through the window, and if so, is any amplified 
spontaneous emission (ASE) collected in the same way? Collection of ASE below threshold would 
compromise the determination of Ztb . Secondly, non-pinning can be an indicator of detrimental 
effects such as inhomogeneities in the QW material or lateral current spreading.
Spectral analysis was carried out on all the devices for which spontaneous emission data is presented, 
to ensure that ASE was not being collected and to investigate the origin of the non-pinning. Spectra of 
the spontaneous emission were measured for several drive current values, above and below threshold, 
using the FTIR setup described in SECTION 3.2.9. Sample spectra are shown in F i g u r e  3.3 for 
a 2.37 pm laser at low temperature. A narrow lasing peak was observed in the above-threshold 
spectra, indicating that some scattered lasing light was being collected through the window. The 
fact that the lasing peak is more than half a mode-spacing (AA/2) ~ 0.38 nm in these devices) from 
the spontaneous emission peak shows that the spectra measured below threshold are not affected 
by ASE. Integration of the spontaneous emission spectra with the contribution from lasing emission
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F i g u r e  3.3 : Below threshold (red) and above threshold (blue) spontaneous emission 
spectra at 80 K. The lasing peak observed in the above threshold spectra indicates that 
scattered lasing emission is being collected above threshold.
removed, showed that for this device the non-pinning was only as a result of the unintentional 
collection of scattered lasing emission. This was not the case for the 2.11 pm lasers, as will be 
discussed in Section 4.3.3.
3.2.1 C re a tin g  th e  w in d o w
The window through which the spontaneous emission is collected, is usually milled in the substrate 
contact of the laser, as the thick substrate ensures that the current spreading around the window 
does not affect the active region of the device. The objective is to form an area on the substrate 
contact of the device which has no metallisation and hence can transmit pure spontaneous emission. 
Two techniques were employed to form the windows in the devices studied here. The first was an 
argon-ion milling technique. Here, the device is mounted epi-side down on a glass slide using a small 
amount of photoresist. Next, a thin layer of photoresist is spun-on to cover the whole device. The 
desired window area is exposed to ultra violet (UV) light using a suitable mask and then the exposed
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F i g u r e  3 . 4 :  SEM image of a window milled into the substrate contact of a 2 .1 1  /im 
GalnAsSb laser using a FIB.
photoresist can be removed from the window area. The device is then loaded into an Argon ion-beam 
miller in order to remove the contact metallisation from the window area. Finally, the remaining 
photoresist can be removed using a suitable solvent and the window is ready.
The second technique is similar, but faster and more straight-forward. In this case, a focused ion 
beam (FIB) is used to form the window. The device is simply mounted on a stub inside the FIB, so 
there is no need for any photoresist or masking. Imaging can be done using an SEM which is part of 
the same instrument and the desired window can be easily selected and automatically milled using 
the FIB software. Contol of the window diameter and depth is also much easier with this instrument. 
FIGURE 3.4 shows an SEM image of the window milled in a 2.11 pm laser using the FIB. Although a 
much more convenient and accurate technique, the FIB is a very expensive piece of instrumentation 
and it is not always a cost effective method of carrying out a simple process like this.
Of course, it is essential to make sure that the process which facilitates the analysis does not affect 
the device characteristics and for this reason the threshold current before and after window milling 
was always checked to be the same.
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There were several important considerations to take into account when designing a suitable device 
mount for this project. As the devices were mounted substrate side down, it was necessary to be able 
to place the window of the laser over the top of an optic fibre to collect the spontaneous emission, 
while maintaining a good thermal and electrical contact for the device in general. The device must 
also be mounted in such a way that its position is adjustable, in order to allow adjustment of the 
window-fibre alignment. Choice of fibre was very important, since the loss in silica fibres greatly 
increases for wavelengths longer than 1.8 pm. Therefore, it was necessary to identify a fibre that was 
suitable for use in this wavelength range. Chalcogenide fibre turned out to be the most suitable fibre 
for these measurements, although its characteristics are far from ideal.
3.2.3 Chalcogenide Fibre
The high speed internet connections we take for granted today, rely heavily on miles and miles of 
silica fibre which is flexible, cheap and relatively robust. Silica fibre has low loss and low dispersion 
at NIR wavelengths and hence light emitters and detectors were developed to take advantage of these 
properties. Optical fibres which are suitable for MIR applications tend to be brittle, expensive and 
lossy in comparison to silica fibres.
There are several materials which are used to manufacture MIR fibres including fluoride glass, silver 
halide and chalcogenide. Flouride glass based fibres are currently very expensive and the silver halide 
based fibres are more suited to operation at A > 4pm. Chalcogenide fibre, although not as flexible 
and easy to cleave as fluoride glass fibre, is not so expensive and can be obtained for about £90 per 
metre. Although not nearly as low as the loss in silica fibres at 1.5 pm, the loss in chalcogenide fibre 
over the wavelength range of interest for this work is acceptable and relatively flat over this range, as 
shown in F i g u r e  3.5. The particular chalcogenide used, which is AS2S3, is a glassy material and has 
a number of characteristics which make it a difficult and tedious material to work with. Firstly, the 
fibre is relatively weak mechanically and can break easily if not properly protected. Another issue 
is the fact that the fibres are only available with diameters which are large in comparison with the 
substrate contact area of a typical laser chip. This means that the fibre can take up a significant 
fraction of the thermal and electrical contact area of the chip. The bend radius which is a function of
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the core diameter, is also quite poor so for the 440 /un-diameter core used in this work the bend radius 
was 20 mm. This made installation in a cryostat mount very tricky and restrictive and required some 
modifications to be made to an existing cryostat arm. However, with these challenges overcome and 
the continual improvements to the overall design, the system using chalcogenide fibres worked quite 
well.
F ig u re  3.5 : Spectral response chart of chalcogenide optical fibre. The 2-4 jttm wave­
length range is the important spectral region for this particular project.
3.2.4 Preparation of cryostat mount
Figure 3.6 shows the cryostat arm which came with the standard Oxford Instruments liquid- 
nitrogen, exchange-gas cryostat and was adapted for use in these measurements. The fibre and 
electrical connections are fed through the sealed top plate and down through the inner tube of the 
arm to the sample mount. The original sample mount required a 45° bend in the fibre, which was 
not possible due to the poor bend radius of the chalcogenide fibre. Therefore, it was necessary to 
re-design the sample mount to accommodate the chalcogenide fibre, as shown in Figure 3.7. The 
new design also including a removable bottom plate, which helped with the polishing process. Once 
the protective layers are removed from the fibre end, the bare fibre end (with only core and cladding) 
is glued tightly into a small hole in the removable bottom plate, ready for polishing. The exit end of 
the fibre is terminated with a bare fibre adapter. Its is very important to protect the fibre between
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the exit end and the cryostat arm with some protective tubing. Since the fibre is so delicate, the 
tubing needs to be rigid enough to support the fibre and light enough that the fibre will not break 
under its own weight.
3.2.5 Fibre polishing
Chalcogenide optical fibre rarely cleaves well. So, to achieve a smooth, flat fibre end and optimise the 
light collection efficiency it is necessary to polish the fibre ends carefully. Several methods were tested 
for this particular application with varying degrees of success. The two most important points to 
bear in mind are to minimise the size and extent of surface scratches and to prevent pieces breaking 
off the sides during polishing.
To prevent breakage from the outer wall of the fibre, the fibre end must be well supported around 
its circumference. We began using a soft low-melting-point wax, which was recommended by the 
manufacturers, as it grinds away more quickly than the fibre material and can be removed by heating 
the fibre end slightly (inside tolerance for the fibre material). This wax proved very difficult to work 
with though, as it did not adhere to the fibre very well and tended to come away from the fibre end 
during polishing. For this reason, we opted to use epoxy resin instead, which adheres well to the fibre 
and supports the outer wall during polishing. Even though the epoxy resin is harder than the fibre 
material, this method still produced better results. Also, the fact that the epoxy resin is not easily 
removed from the fibre meant that the fibre needed to be polished in its final position. The sample 
mount illustrated in Figure 3.7, shows the removable bottom plate, which allowed polishing of the 
fibre in its final position. An advantage of in-situ polishing for this application is that it is easy to 
get the fibre end level with the bottom plate, allowing the laser chip (or copper slip, as discussed 
later) to sit level over the fibre, maintaining good electrical /  thermal contact while maximising light 
collection efficiency.
A number of different polishing techniques were tried, until a successful method was developed for this 
application. Our original sample mount did not have a removable bottom plate so it was necessary 
to polish while the fibre was attached to the entire sample arm. At first, we used a rotating disc 
polisher with diamond polishing discs, starting with a 6 pm grade and working down to a 0.05 pm 
grade. This method proved too severe and often ended in breakages along the axis of the fibre. The
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F ig u re  3.6: Cryostat arm with a re-designed mount which is fitted with a MIR chalco­
genide optical fibre. The arm is loaded into the cryostat’s sample chamber and sealed. 
The sample chamber is then evacuated and filled with the exchange gas (usually helium 
or nitrogen).
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Old Mount New Mount
F ig u re  3.7: Shown above are device mounts which can be attached to the end of 
the cryostat arm. On the left is the old design, where a 45° bend was necessary to 
successfully install a fibre. While this was fine for a silica fibre, it proved too stressful for 
the chalcogenide fibre and so the device mount was redesigned. The new device mount 
(right) does not require a bend in the fibre and incorporates a removable bottom plate 
which allows for easier polishing.
a lte rn a tiv e  w as to  use A 1 0 2 la p p in g  film  and  de -ion ised  w a te r as a  lu b r ic a n t, w h ich  a lso  served to  
rem ove w aste m a te ria l. T h is  p roved  aw kw ard  w h ile  th e  fib re  w as a tta ch ed  to  th e  c ry o sta t a rm  and  
it  w as necessary  to  cu t se ctio n s o f la p p in g  film , a tta ch  th em  to  a  g lass s lid e  an d  p o lis h  w ith  th e  
la p p in g  film  on  to p  o f th e  fib re . A lth o u g h , re su lts  u s in g  th is  te ch n iq u e  w ere reasonab le , a b e tte r 
sam p le  m oun t des ign  w as c le a r ly  needed. T h e  new  sam p le  m ou n t design  in co rp o ra te d  a rem ovab le  
b o tto m  p la te , m ak ing  it  p o ss ib le  to  use a  la rge  sheet o f la p p in g  film  on  a g lass p la te  an d  p o lis h  in  
a fig u re  8 p a tte rn . T h is  m e thod  w as easie r and  dem on stra te d  b e tte r re su lts  th a n  w ith  th e  p rev io u s  
dev ice  m oun t. M u ch  p a tie n ce  is  needed to  avo id  scra tches caused  b y  w aste  m a te ria l and  ach ieve a 
sm oo th  fin ish . T h is  m e thod  w orked  ve ry  w e ll an d  w as ad op ted  as o u r s ta n d a rd  p ro ced u re . L a p p in g  
film s  w ith  a g rade  o f 6 pm dow n  to  a g rade  o f 0.5 pm w ere used. I t w as fo u n d  th a t g rades sm a lle r 
th a n  0.5 pm tended  to  a ccu m u la te  w aste m a te ria l an d  cause m ore su rfa ce  scra tches. T h e  e x it end  o f 
th e  fib re  w as m o u n te d  in  a ba re  fib re  a d a p te r an d  p o lish e d  in  th e  sam e way.
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3.2 .6  F inal a d ju stm en ts
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W ith  th e  fib re  p o lish e d  an d  fix e d  in  p o s itio n , th e  a c tu a l d e v ice  m oun t co u ld  be  fin ish e d . A s  m en tion ed  
e a rlie r, th e  m ille d  w in d o w  is  a p p ro x im a te ly  100 pm in  d iam ete r, to  m in im ise  its  e ffect on  dev ice  
p e rfo rm a n ce  w h ile  a ch ie v in g  su ffic ie n t lig h t c o lle c tio n  leve ls. U n fo rtu n a te ly , ch a lcog en id e  fib re  is 
o n ly  a v a ila b le  w ith  la rg e  co re  d iam ete rs. T h e  fib re  used here had  a to ta l c o re /c la d d in g  d iam e te r o f 
a b o u t 4 50  pm (a c o re /c la d d in g  d ia m e te r o f u n d e r 3 00  pm is  a v a ila b le  now ), w h ich  w o u ld  take  u p  to o  
m uch  o f th e  b o tto m  co n ta c t o f a ty p ic a l 1 m m  long , 10 0  /xm -w ide dev ice . T h e  s o lu tio n  w as to  use 
a 0 .5  m m -th ick  co p p e r s lip  w ith  a  h o le  s lig h t ly  la rg e r th a n  10 0  pm d iam e te r in  its  cen tre . T h is  s lip  
c o u ld  be fix e d  in  p o s it io n  w ith  th e  h o le  over th e  fib re  end  an d  th e  d e v ice  co u ld  be  p la ced  on  to p . It 
w as necessa ry  to  have a  h ig h ly  p o lish e d  fin is h  on  th e  co p p e r s lip  in  o rd e r to  d is s ip a te  as m uch  heat 
as p o ss ib le  fro m  th e  dev ice , so th e  co p p e r s lip  w as p o lish e d  in  a  s im ila r  fa sh io n  to  th e  fib re  ends. 
A lth o u g h  p ro n e  to  o x id a tio n , co p p e r w as th e  m a te r ia l o f ch o ice  fo r th e  m o u n tin g  com ponen ts, as its  
th e rm a l c o n d u c tiv ity  is  over tw ice  as g ood  as a lte rn a tiv e  m a te ria ls  such  as b rass.
F in a lly , a s p r in g  c lip  as show n  in  F ig u r e  3 .8  w as used to  h o ld  th e  d e v ice  in  p lace . T h e  c lip  is 
e a s ily  lifte d  u p  an d  dow n  b y  h and , m a k in g  it  p o ss ib le  to  a d ju s t th e  d e v ice  p o s it io n  to  o p tim ise  th e  
w in d o w -fib re  a lig n m en t.
Lever to lift Brass plate -
spring clip shaped to press
laser to mount.
F ig u re  3.8: Lasers are mounted and held in position with a spring clip. This provides 
good electrical and thermal contact and allows the laser position to be adjusted in order 
to optimise the window-fibre alignment.
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T h e  cho ice  o f d e te cto rs  in  th e  M I R  is  lim ite d  and  th e  p e rfo rm a n ce  ch a ra c te ris tic s  o f th ese  d e te cto rs  
a re  a  m a jo r w eakness in  M I R  expe rim en ts. F o r  la b o ra to ry  e xp e rim en ts  in  th e  2-5 pm  w ave leng th  
range liq u id -n itro g e n -co o le d  In S b  d e te cto rs  a re  b e st su ite d . H ow ever, e ffic ie n cy  is  re la tiv e ly  p o o r 
a t sh o rte r w ave leng ths, as show n  in  FIGURE 3.9, r ise  tim e  is  lo n g  an d  e lem ent sizes te n d  to  be  
sm a ll. T h e  liq u id -n itro g e n  coo led  In S b  d e te c to r used in  th is  p ro je c t h a d  a  1 m m 2 e lem en t an d  w as 
a p p ro x im a te ly  40%  e ffic ie n t a t 2.1 pm  a n d  2.4 pm  an d  50%  e ffic ie n t a t 3.25 pm, w h ich  w ere c r it ic a l 
w ave leng ths fo r th is  w o rk .
F o r  exam p le , th e  re la tiv e ly  w eak  spon tan eou s em iss ion  s ig n a l fro m  a  2.11 pm la se r w ill su ffe r losses 
on  en try , tra n sm iss io n  an d  e x it fro m  th e  fib re . M o re  lig h t w ill b e  lo s t a t th e  w in d o w  o f th e  d e te cto r, 
w h ich  is  e ssen tia l as th e  d e te c to r is  liq u id  n itro g e n  coo le d  an d  fin a lly  o n ly  a b o u t 40%  o f th a t s ig n a l 
w ill be  de tected . T h e re fo re , it  is  v e ry  im p o rta n t to  have g o o d  s ig n a l p ro ce ss in g  an d  a  lo c k - in  a m p lifie r 
m ust be  em ployed .
3 .2 .8  T e m p e r a t u r e  c o n t r o l
O n ce  th e  c ry o sta t a rm  w as p rep a red , th e  d ev ice  w as m oun ted . L ig h t-c u rre n t ch a ra c te r is tic s  w ere 
m easured  fo r b o th  th e  fa ce t (la s in g ) and  w in d o w  (spon taneous) em iss ion  an d  th e  la se r p o s it io n  w as 
a d ju s te d  to  o p tim ise  th e  spon tan eou s em iss ion  s ig n a l, w h ich  is  m uch  w eaker th a t th e  la s in g  em iss ion .
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T h e  c ry o s ta t a rm  w as th en  lo a d ed  in to  th e  O x fo rd  In stru m e n ts  c ry o sta t. T e m p e ra tu re  o f th e  sam p le  
w as c o n tro lle d  u s in g  liq u id  n itro g e n , h ea te r co ils , a  p la tin u m  re s istan ce  th e rm o m e te r an d  an  O x fo rd  
In stru m e n ts  IT C 5 0 2  te m p e ra tu re  c o n tro lle r. In  th is  p a r t ic u la r  c ry o sta t, th e  th e rm a l tra n s fe r takes 
p la ce  th ro u g h  a s ta t ic  exchange gas. T h e  sam p le  ch am ber w as evacua ted  an d  flu sh e d  w ith  n itro g e n  
(th e  exchange  gas used) seve ra l tim es b e fo re  b e g in n in g  each  exp e rim en t. T h e  rang e  o f th e  c ry o sta t 
w as 78 K  to  350 K  (close  to  th e  m e ltin g  p o in t o f th e  fib re )  an d  te m p e ra tu re  s ta b ility  w as u su a lly  
w ith in  a  few  te n th s  o f a  degree.
3 .2 .9  F T I R  S p e c t r o s c o p y
O fte n  in  sp on tan eou s em iss io n  a n a ly s is  e xp e rim e n ts  it  is  n ecessa ry  to  co n d u c t s p e c tra l a n a ly s is  o f th e  
sp on tan eou s em iss io n  as a  fu n c t io n  o f cu rre n t. S in ce  s ig n a l s tre n g th s  are  w eak  an d  s ig n a l to  n o ise  
ra tio s  fo r th e  sp on tan eou s em iss io n  s ig n a l can  b e  as lo w  as 10, w e o p te d  to  use a  F o u r ie r  tra n s fo rm  
in fra re d  ( F T IR )  in te rfe ro m e te r o p p o sed  to  a  d iffra c t io n  g ra tin g  sp e ctrom e te r. In  gene ra l m ore  lig h t 
is  lo s t in  a  g ra tin g  sp e ctro m e te r system  du e  to  th e  fa c t th a t th e  s lits  are  t a ll an d  th in , w he reas th e  
beam  is  g e n e ra lly  ro u n d , an d  u s in g  an  F T I R  fo r  a sm a ll s ig n a l is  m ore  s u ita b le  as a  fu ll c o llim a te d  
beam  can  b e  co u p le d  in  an d  o u t easily . A  sch em a tic  o f an  F T I R  in te rfe ro m e te r is  show n  in  F ig u r e  
3.10. A  fa s t-sca n n in g  B om em  M B -1 0 0  \yas u sed  in  these  expe rim en ts. In  b r ie f, th e  F T I R  op e ra te s b y  
s p lit t in g  th e  in co m in g  beam  in to  tw o  sep a ra te  beam s an d  u s in g  th e  m ovab le  m irro r, M l,  to  in d u ce  
a  phase  d iffe re n ce  be tw een  th e  tw o  beam s. A n  in te rfe re n ce  p a tte rn  is  gene ra ted  a t th e  sp e ctro m e te r 
o u tp u t as a  re su lt o f th e  in te rfe re n ce  be tw een  th e  tw o  phase  sh ifte d  beam s.
D u r in g  n o rm a l use, th e  d e te c to r o u tp u t w o u ld  s im p ly  b e  con nected  d ire c t ly  in to  th e  F T I R ’s b u ilt - in  
p ro ce ss in g  u n it  an d  m easurem ents w o u ld  b e  ta ken  u s in g  it s  in te rfa ce d  co m p u te r. In  th is  p a r t ic u la r  
a p p lic a t io n  it  w as n ecessary  to  in c o rp o ra te  a lo c k - in  a m p lifie r  in to  th e  e x p e rim e n ta l se tup , to  in crea se  
th e  s ig n a l to  n o ise  ra t io  an d  a m p lify  th e  s ig n a l b e fo re  it  is  p rocessed  b y  th e  F T I R .  C a re fu l co n s id ­
e ra tio n  o f th e  d iffe re n t freq uen c ie s  an d  tim e  co n sta n ts  in v o lv e d  is  c ru c ia l. In  o rd e r to  ach ieve  m ost 
e ffe c tiv e  o p e ra tio n  o f th e  F T I R ,  th e re  a re  tw o  im p o rta n t issues to  con sider; th e  e x te rn a l m o d u la tio n  
fre q u e n cy  o f th e  lig h t sou rce  (th e  sam p le  la se r in  th is  case) an d  th e  tim e  co n sta n t ( r)  se lected  fo r 
phase  sen s itiv e  d e te c tio n  w ith  th e  lo c k - in  a m p lifie r. T h e  la tte r  is  o n ly  a  fa c to r as phase  sen s itiv e  
d e te c tio n  w as used  in  co n ju n c tio n  w ith  th e  F T I R .
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F ig u re  3.10: Schematic of the basic operation of an FTIR interferometer.
T h e  se le c tio n  o f th e  lo ck - in  tim e  co n sta n t r  req u ire s th a t it  is  m uch  sm a lle r th a n  th e  p e rio d  o f th e  
in te rfe ren ce  frin ges. T h e  m ax im um  m o d u la tio n  frequency , fmax, ° f  th e  frin g e s  p ro d u ced  b y  th e  F T I R  
is  d e te rm in ed  by  th e  v e lo c ity  o f th e  m ov in g  m irro r, u, an d  th e  sh o rte st w ave leng th  to  be  m easured , 
Am in. T h e  va lu e  o f f max is  g iven  by:
2u
fmax = T  (3.1)
Amin
It is  recom m ended  th a t th e  e x te rn a l m o d u la tio n  frequency , f modi w h ich  in  th is  case is  th e  re p e tit io n  
ra te  o f th e  sam p le  laser, be m uch  g rea te r th a n  fmax- F o r in s tan ce , f max fo r th e  2.11 pm. la se r 
exp e rim en t d e scrib ed  in  SECTION 4.3.2 is  a p p ro x im a te ly  2.2 kH z , s in ce  th e  sh o rte st w ave leng th  to  be 
m easured th ro u g h o u t th e  exp e rim en t is  ~  1.8 pm. C on sequen tly , th e  e x te rn a l m o d u la tio n  freq uen cy  
o f th e  sam p le  la se r sh o u ld  be m any  tim es g rea te r th a n  2.2 k H z . T h e se  g ene ra l req u irem en ts can  be 
sum m arised  as fo llow s:
fmod ^  Y" fmax
Rock—in
(3.2)
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O n ce  th e  m o d u la t io n  fre q u e n cy  o f th e  sam p le  la se r a n d  th e  tim e  co n sta n t o f th e  lo c k - in  a m p lifie r  
have been  se lected , th e  lig h t to  b e  m easu red  m u st b e  p ro p e rly  a lig n ed  th ro u g h  th e  in te rfe rom e te r.
W h e n  m easu rin g  th e  sp on tan eou s em iss io n  e x it in g  th e  ch a lcog en id e  fib re , th e  fib re  w as a lig n ed  w ith  
an  a d ju s ta b le  p a ra b o lic  m irro r  a t th e  en tran ce  w in d o w . T h e  e x it s ig n a l fro m  is  fo cu sed  o n to  th e  
In S b  d e te c to r u s in g  a  fix e d  p a ra b o lic  m irro r o n  to p  o f th e  F T I R .  A lig n m e n t o f th e  s ig n a l th ro u g h  th e  
sp e ctro m e te r to  th e  d e te c to r w as a  m a jo r p ro b le m  w ith  th is  expe rim en t. A s  d iscu ssed  in  SECTION
4.3.2 , s ig n a l s tre n g th s  w ere ra th e r w eak  even  w hen  th e  fib re  w as d ire c t ly  co u p le d  to  th e  d e te cto r. 
T h e re fo re , in s e rtin g  an  F T I R  in  be tw een  th e  fib re  a n d  d e te c to r m ade it  v e ry  d iff ic u lt  to  o b ta in  a  
m e a n in g fu l sp e ctru m .
A  n um b e r o f d iffe re n t a lig n m en t te ch n iq u e s  w ere  te sted . T h e  F T I R  op e ra te s m ost e ffe c tiv e ly  w hen  a  
c o llim a te d  beam  is  in c id e n t on  m irro r  M l  in  FIGURE 3.10. T h is  req u ire s  th e  use o f e ith e r a  s u ita b le  
M I R  len s o r a  p a ra b o lic  m irro r. W h ile  a  le n s  w o u ld  have been  easie r to  a lig n , m ore  lig h t w o u ld  
b e  lo s t in  th e  m a te r ia l (e.g. C a F , K r B ,  ZnSe) th a n  w o u ld  b e  lo s t u p o n  re fle c tio n  o ff th e  p a ra b o lic  
m irro r. A n  a p p ro x im a te  p o s it io n  fo r th e  fo c a l p o in t a t th e  F T I R  e x it can  b e  fo u n d  b y  u s in g  th e  
in te rn a l b la c k b o d y  sou rce  an d  a d ju s tin g  th e  p o s it io n  o f th e  d e te cto r. W h e n  th is  is  com p le te , th e  
a lig n m en t a t th e  en tran ce  s id e  can  b e  c a rr ie d  o u t. In it ia lly , a lig n m en t w as a tte m p te d  u s in g  a  h e lium - 
neon  (H e-N e) red  la se r b u t w ith  n o  success. So, w e d e c id e d  to  use a  m ore  d iv e rg en t sou rce , w h ich  
w o u ld  b e  m ore  re p re sen ta tiv e  o f lig h t co m in g  o u t o f th e  fib re . A t  firs t, an  In A s  L E D  w ith  a c e n tra l 
w ave leng th  o f a b o u t 4.3 pm  w as em p loyed  w ith  som e degree o f success. T h e  L E D  w as p o s itio n e d  a t 
th e  a p p ro x im a te  fo c a l p o in t f a  50 m m  fro m  cen tre  o f m irro r)  o f th e  p a ra b o lic  m irro r  an d  th e  m irro r 
h e ig h t a n d  an g le  o f th e  m irro r w ere c a re fu lly  a d ju s te d  u n t il a  s ig n a l w as fo u n d . T h e  L E D  p o s it io n  
w as m arked  b y  an  ir is . O n ce  th e  s ig n a l w as o p tim ise d  th ro u g h  a d ju stm e n t o f b o th  th e  en tran ce  an d  
e x it com pon en ts, th e  L E D  co u ld  b e  re p la ce d  b y  th e  fib re  an d  fin e  a d ju s tm e n t w as ca rr ie d  o u t to  
o p tim ise  th is  s ig n a l. I t  w as fo u n d  th a t th e  s ig n a l fro m  th e  fib re  w as v e ry  e a s ily  lo s t a n d  s low  ca re fu l 
a d ju stm e n t o f com pon en ts w as necessa ry  to  m ax im se  th e  s ig n a l. In  la te r exp e rim en ts , it  w as fo u n d  
th a t u s in g  a  b ro a d b a n d  I R  sou rce  m ade  it  eas ie r to  fin d  th e  s ig n a l in it ia lly . T h e  o p tim u m  p o s it io n  
fo r th e  fib re  c o u ld  b e  d e te rm in ed  b y  u s in g  an  ir is  in  fro n t o f th e  I R  sou rce  an d  m o v in g  th e  p o s it io n  
o f b o th  to  o p tim ise  th e  s ig n a l. T h e n  th e  h o le  o f th e  ir is  c o u ld  b e  c lo sed  dow n  to  fu rth e r p in p o in t th e  
o p tim u m  fib re  p o s itio n .
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F ig u re  3.11: The spontaneous emission analysis setup used for the measurements 
presented in this thesis.
A lig n m e n t p ro ced u res w ere c a rrie d  o u t w ith  th e  d e te c to r o u tp u t con nected  to  th e  lo ck - in  a m p lifie r 
and  th e  a m p litu d e  o f th e  s ig n a l on  th e  lo ck - in  co u ld  e a s ily  be  m o n ito re d  as ad ju stm en ts  w ere m ade. 
O n ce  th e  s ig n a l w as o p tim ise d , th e  lo ck - in  a m p lifie r o u tp u t w as fed -b ack  in to  th e  p ro cess in g  u n it o f 
th e  F T I R  an d  th e  sp e c tru m  w as m easured .
3 .2 .1 0  O v e r v ie w  o f  e x p e r im e n t a l a r r a n g e m e n t
T h e  o ve ra ll e x p e rim e n ta l se tup  is  show n  in  FIGURE 3.11. F o r th e  m ost p a rt, in s tru m en ts  used w ere 
th e  sam e fo r a ll o f th e  spon tan eou s em iss ion  expe rim en ts. T h e  pow er s u p p ly  used w as an A v te c  A V -  
1011-B pu lse  g ene ra to r ca p a b le  o f a p p ly in g  vo ltages o f u p  to  100 V , a t an  adequa te  range o f pu lse  
w id th s  an d  re p e tit io n  ra tes. Som e o f th e  “W ” la se r e xp e rim en ts re q u ire d  th e  use o f a B N C  6040 pu lse  
g ene ra to r in  o rd e r to  a p p ly  vo ltag es above 100 V , w h ich  w ere necessary  fo r la s in g . M easu rem en t o f 
th e  d riv e  cu rre n t w as ca rr ie d  ou t u s in g  a  T e k tro n ix  C T 2  tra n s fo rm e r p ro b e  con nected  to  a T e k tro n ix  
T D S  3012 o sc illo sco p e . P ro ce ss in g  o f th e  o p tic a l o u tp u t s ig n a l w as c a rrie d  o u t f ir s t ly  b y  th e  In S b  
d e te c to r and  p re -a m p lifie r, th en  a p u lsed  e le c tr ic a l s ig n a l is  th en  sent to  an S ta n fo rd  S R 830  lo ck - in  
a m p lifie r, w here  th e  s ig n a l is  averaged an d  a D C  o u tp u t s ig n a l is  sent to  th e  com p u te r. A  la b o ra to ry  
co m p u te r e q u ip p ed  w ith  a G P IB  ( I E E E  488) c o n tro l ca rd  and  L a b v ie w  so ftw a re  w as used to  c o n tro l 
th e  in s tru m e n ta tio n  fo r each expe rim en t.
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T h e  h y d ro s ta tic  p ressu re  re su lts  d e sc rib e d  in  th is  s tu d y  w ere ca rr ie d  o u t u s in g  a  h e liu m  gas com ­
presso r system . T h is  system  uses th re e  p is to n - in -c y c lin d e r stages to  com press h e liu m  gas in to  a 
sm a ll p ressu re  ce ll, w he re  th e  sam p le  is  m oun ted . T h is  sy stem  is  m ore  co m p lex  an d  m uch  m ore  
p ro n e  to  fa ilu re  th a n  th e  liq u id  based  p is to n - in -c y c lin d e r system s w h ich  a re  ro u tin e ly  u sed  fo r N IR  
expe rim en ts. S t ill,  th e  gas p ressu re  system  has tw o  d is t in c t  advan tages over th e  liq u id  system , w h ich  
a re  p a r t ic u la r ly  u se fu l fo r M I R  exp e rim en ts. F ir s t ly , th e  p ressu re  m ed iu m  (H e) is  tra n sp a re n t in  th e  
M IR , so a b so rp tio n  in  th e  p ressu re  m ed iu m  is  n o t a  p rob lem . M a n y  o f th e  liq u id  p ressu re  m ed ia  
co m m o n ly  u sed  in  N I R  exp e rim en ts  have s tro n g  a b so rp tio n  fe a tu re s in  th e  M IR . S econd ly , th e  gas 
p ressu re  system  ca n  be  co o le d  to  c ry o g en ic  te m p e ra tu re s , w hereas th is  is  n o t p ra c t ic a l w ith  th e  liq u id  
system s, du e  to  it s  b u lk  an d  th e  fa c t th a t th e  p ressu re  m e d ia  can  freeze. H ig h  p ressu re  exp e rim en ts  
a t lo w  te m p e ra tu re  a re  o fte n  d e s ira b le  as n o t a ll M I R  dev ices have reached  a  stage  o f deve lopm en t 
w he re  easy R T  o p e ra tio n  is  p o ss ib le .
In  th e  fo llo w in g  se ctio n s, th e  b a s ics  o f th e  gas p ressu re  system  w ill b e  e x p la in e d , th en  d e ta ils  o f 
th e  p ressu re  ce ll, its  p re p a ra tio n  an d  th e  sam p le  m ou n t w ill b e  d iscussed . A  d e s c rip tio n  o f th e  
te m p e ra tu re  c o n tro l sy stem  w h ich  w as d eve lo p ed  w ill fo llo w  an d  fin a lly  th e  e x p e rim e n ta l se tup  an d  
p ro ced u re  w ill b e  o u tlin e d .
3 .3 .1  H e l iu m  g a s  p r e s s u r e  s y s t e m
T h e  h e liu m  gas p ressu re  system  co n s is ts  o f th re e  gas com p ress io n  stages. E a ch  com p ress io n  stage is  
a  sep a ra te  p is to n - in -c y lin d e r a rrangem en t, w h ich  is  p re ssu rised  b y  u s in g  an  o il com presso r. A  series 
o f va lves c o n tro l th e  com p ress ion  an d  p re ssu rise d  gas is  tra n s fe rre d  to  th e  p re ssu re  c e ll v ia  a  c a p illa ry  
tu b e . S tages 1 an d  2 in crea se  th e  p ressu re  to  3.5 k b a r an d  stage 3 is  u sed  to  in crea se  p ressu re  to  th e  
m ax im um , w h ich  in  th e  cu rre n t a rrang em en t is  10 k b a r, lim ite d  b y  C u :B e  c a p illia r y  an d  p ressu re  ce ll. 
S tage 3 a lso  houses th e  p ressu re  gauge w h ich  co n s is ts  o f a  m an g an in e  co il, w hose  re s is tan ce  v a r ia tio n  
w ith  p re ssu re  is  w e ll-kn ow n . T h e  p re ssu re  gauge is  checked an d  re ca lib ra te d  b e fo re  each  exp e rim en t. 
A s  you  can  im ag in e , th is  sy stem  is  fa r m ore  co m p le x  th a n  th e  s in g le -c y c lin d e r liq u id  system  an d  
hence re q u ire s  co n sta n t m a in ten a n ce  an d  re p a ir. A ls o , h e liu m  is  v e ry  f lu id  an d  le aks easily . In  sh o rt, 
a lth o u g h  id e a lly  s u ite d  to  M I R  exp e rim en ts , r e lia b ility  o f th is  system  is  ra th e r p o o r an d  c o n tin u a lly
ham pered  p rog ress o f th is  p ro je c t, p a r t ic u la r ly  d u r in g  low  tem p e ra tu re , h ig h  p ressu re  m easurem ents.
Safety, is a n o th e r m a jo r co n s id e ra tio n  fo r th e  gas p ressu re  system , even m ore so th a n  w ith  liq u id  
based system s as th e re  is  a  g rea t d ea l m ore energy  s to red  in  th e  p re ssu rised  gas (w hereas liq u id s  are 
m uch  less com p ress ib le , so less w o rk  is  done in  th e  p re s su ris a tio n ) . A p p ro x im a te ly  90 litre s  o f h e liu m  
gas is  com pressed  in to  a vo lum e  o f 10 cm 3. F o r th is  reason , th e  e n tire  e x p e rim e n ta l a rrangem en t w as 
su rro u n d e d  b y  a p o ly ca rb o n a te  en clo su re . T h is  p resen ted  m ore e x p e rim e n ta l cha llenges, w h ich  w ill 
be d iscu ssed  in  th e  fo llo w in g  sections.
3 .3 .2  T h e  p r e s s u r e  c e l l
T h e  p ressu re  c e ll used in  th is  p ro je c t is  show n  in  F ig u r e  3.12. 
a llow s exchange o f sam p les an d  o f th e  o p tic a l w in d ow . H e liu m  
pressu re  ca p illa ry , w h ich  is  sea led  in  p lace.
Laser 
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A  h ig h  p ressu re  p lu g  on  each  end  
gas en te rs th e  c e ll th ro u g h  a  h ig h
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F ig u re  3.12: Schematic diagram of the pressure cell. The pressure plug on the left 
allows electrical feed-through to the device which is mounted on the high pressure side 
of that plug. The pressure plug on the right houses the sapphire window, which is sealed 
against a small opening through which the emitted light is detected.
A s  w e ll as sea lin g  one end  o f th e  p ressu re  ce ll, th e  e le c tr ic a l p lu g  has tw o  e le c tr ic a l feed -th rou gh s 
sea led  by  vespe l sea ls an d  a cu stom -m ade la se r m ou n t w h ich  is  a tta ch ed  to  th e  h ig h  p ressu re  side. 
T h e  o p tic a l p lu g  co n ta in s  a  sa p p h ire  w in d o w , w h ich  w as chosen  fo r th is  w o rk  as it  is  tra n sp a re n t
fro m  ~  150 n m  to  ~  6 pm. B o th  p lu g s  are  sea led  u s in g  tin -co a te d  b rass sea ls rin g s . T h e  sea ls rin g s , 
p lu g s  an d  c e ll o p en in g s  a ll need ca re fu l c le a n in g  w ith  so lv en t p r io r  to  th e  e x p e rim e n t to  en su re  a 
g o o d  sea l can  b e  o b ta in e d . T h e  c e ll is  th e n  tig h te n e d  a t each  end  to  a  sp e c ifie d  to rq u e  an d  re a d y  fo r 
use.
3 .3 .3  T e m p e r a t u r e  c o n t r o l - p r e s s u r e  s y s t e m
T e m p e ra tu re  c o n tro l w as an  im p o rta n t fa c to r to  m ake th e  h ig h  p ressu re , lo w  te m p e ra tu re  exp e rim en ts  
d e scrib ed  on  ‘W ’ la se rs p resen ted  in  C h a p t e r  6 p o ss ib le . M I R  la se rs, e sp e c ia lly  in  th e  less d eve loped  
3 - 4  pm range, d o  n o t o p e ra te  e a s ily  a t R T . T h e  ‘W ’ la se rs  d e scrib ed  in  C h a p t e r  6 lie  w ith in  th is  
w ave leng th  rang e  an d  w h ile  p u lse d  o p e ra tio n  a t R T  w as p o ss ib le  w ith  som e o f these  dev ices, it  w as 
n o t e a s ily  a cco m p lish ed  an d  so it  w as im p ra c t ic a l to  a tte m p t a  p ressu re  m easu rem en t a t R T  w ith  
these  la se rs. In stead , it  w as d e c id e d  to  d eve lop  a  fu lly -c o n tro lle d  c ry o sta t sy stem  to  co o l th e  e n tire  
p ressu re  c e ll to  a  d e s ired  te m p e ra tu re  an d  to  m a in ta in  th a t te m p e ra tu re  w ith  m in im a l flu c tu a tio n .
A  hom e-m ade c ry o s ta t a lre a d y  e x is te d  fo r th e  gas p ressu re  system  b u t la cked  co n tro l o f th e  tem ­
p e ra tu re , T h e  c ry o s ta t w as co m p rise d  o f a  co p p e r liq u id  n itro g e n  b a th  w ith  f i l l  a n d  b o il- o ff tu bes, 
a tta ch ed  to  th e  b a th  w as a  co p p e r m o u n t to  w h ich  th e  p ressu re  c e ll c o u ld  b e  fix e d . T h is  w as housed  
in  a  sea led  a lu m in iu m  o u te r ch am ber to  a llo w  e v a cu a tio n  o f th e  system . In  o rd e r to  m a in ta in  a 
s ta b le  te m p e ra tu re  th ro u g h o u t an  e x p e rim e n t w ith  th is  system  it  h a d  been  n ecessary  to  c o o l to  th e  
m in im u m  te m p e ra tu re  p o ss ib le  100 K ) , w h ich  re q u ire d  co n sta n t f illin g  w ith  liq u id  n itro g e n  fo r 
a b o u t 7 h ou rs, due  to  th e  la rg e  th e rm a l m ass o f th e  p ressu re  ce ll. E v e n  a t m in im u m  te m p e ra tu re  it  
w as d iff ic u lt  to  co u n te r-a ct flu c tu a tio n s  in  te m p e ra tu re  as th e  p ressu re  w as changed . A lso , fro m  a  
ph y s ics  p o in t o f v iew , m an y  o f th e  lo ss processes o f in te re s t a re  d e -a c tiv a ted  b e lo w  100 K  an d  so an  
in te rm e d ia te  te m p e ra tu re  be tw een  100 K  a n d  R T  is  d e s ira b le .
A  n um b e r o f d iffe re n t m o d ific a t io n s  w ere needed  to  m ake th e  system  m ore  co n tro lle d  an d  u sab le . 
F ir s t ly , th e  sou rce  o f th e  s low  c o o lin g  p ro b le m  w as id e n tifie d . T h e  in te rfa ce  be tw een  th e  liq u id  
n itro g e n  b a th  an d  th e  m o u n tin g  r ig  w as p in p o in te d  as th e  th e rm a l b lockage. T h e  co p p e r su rfa ces o f 
these  tw o  com pon en ts h a d  becom e o x id ise d , ca u s in g  an  in crea se  in  th e rm a l re s is ta n ce  be tw een  them . 
O n ce  these  su rfa ces w ere p o lish e d , th e  th e rm a l co n ta c t w as m uch  im p ro ve d  a n d  co o lin g  tim e  w as 
s ig n ific a n tly  redu ced . In  fa c t, th e  th e rm a l co n ta c t w as th e n  to o  g o o d  an d  h a d  to  b e  re g u la te d  th ro u g h
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th e  in se rtio n  o f in s u la tin g  sheets. T e s tin g  w as th en  co n d u cte d  to  a sce rta in  th e  o p tim u m  b a lan ce  
betw een  c o o lin g  pow er an d  te m p e ra tu re  s ta b ility . S econd ly , a  p la tin u m  re s is ta n ce  th e rm om e te r w as 
in s ta lle d  in  su ch  a w ay  th a t it  c o u ld  b e  con nected  to  th e  b o tto m  o f th e  p ressu re  ce ll. T h e  c e ll 
te m p e ra tu re  c o u ld  a lre a d y  be  m o n ito re d  b y  tw o  th e rm o co u p le s  b u t these  w ere n o t c o m p a tib le  w ith  
th e  te m p e ra tu re  c o n tro lle r to  b e  used.
L a s tly , som e fo rm  o f h ea te r w as req u ire d . T w o  25 W  h ea te r p ad s w ere em p loyed  an d  w ere fix e d  
to  th e  s ides o f th e  m o u n tin g  rig . T h e  h ea te rs an d  th e rm om e te r a re  b o th  w ire d  b a ck  to  th e  O x fo rd  
In stru m e n ts  IT C 5 0 4  te m p e ra tu re  co n tro lle r. A lth o u g h  m aybe  n o t as e ffic ie n t as a  co m m e rc ia l sys­
tem , th is  system  p e rfo rm ed  re a so n a b ly  w e ll. T e m p e ra tu re  s ta b ility  w ith in  2 K  over a  fu ll p ressu re  
e xp e rim en t w as p o ss ib le  b u t c o o lin g  w as s t ill q u ite  tim e -co n su m in g  due to  th e  b u lk  o f th e  p ressu re  
c e ll an d  m o u n tin g  rig .
3 .3 .4  O v e r v ie w  o f  e x p e r im e n t a l a r r a n g e m e n t
P re ssu re  exp e rim en ts  th ro u g h o u t th is  p ro je c t rang ed  in  co m p le x ity  fro m  a  b a s ic  m easurem ent o f 
th e  lig h t-cu rre n t (L — I) cu rve  o f a  la se r as a  fu n c t io n  o f p ressu re  to  m easurem ent o f its  L — I  
cu rve  and  w ave leng th  as a  fu n c t io n  o f p ressu re , a t lo w  tem p e ra tu re . In  a  s im p le  m easurem ent o f Ith 
w ith  p ressu re , th e  liq u id  n itro g e n  coo led  In S b  d e te c to r w as s im p ly  p o s itio n e d  in  fro n t o f th e  o p tic a l 
w in d o w  o f th e  p ressu re  ce ll. T h e  L - I  is  f irs t  m easured  a t a tm o sp h e ric  p ressu re  an d  th e  p o s it io n  o f 
th e  d e te c to r is  a d ju s te d  an d  fixe d , p r io r  to  th e  a p p lic a t io n  o f p ressu re . T h e  s ig n a l s tre n g th  m ust b e  
s u ffic ie n tly  s tro n g  b u t th e re  sh o u ld  b e  no  r is k  o f d e te c to r o ve rlo ad  w hen  th e  d e te c to r is  fix e d  in  its  
p o s itio n , s in ce  th e  en c lo su re  ca n n o t b e  accessed w h ile  th e  system  is  p ressu rised . A l l  o th e r c o n tro l 
eq u ipm en t w as p o s itio n e d  o u ts id e  th e  p o ly ca rb o n a te  en clo su re .
W h e n  sp e c tra l m easurem ents w ere req u ire d , th e  o p tic a l o u tp u t b eam  h a d  to  b e  d ire c te d  o u t o f th e  
m a in  en c lo su re  to  a llo w  fo r ad ju stm en ts  to  o p tic a l com pon en ts w hen  th e  system  w as p ressu rised . 
T h e  a rrangem en t fo r th is  ty p e  o f m easurem ent is  illu s tra te d  in  FIGURE 3.13. A  C a F 2 len s o f s u ita b le  
fo ca l le n g th  w as used to  co llim a te  th e  o u tp u t la se r beam  as it  em erged fro m  th e  c ry o sta t w in d o w . A  
p e risco p e  a rrangem en t th en  d ire c te d  th e  o u tp u t b eam  th ro u g h  an  o p e n in g  in  th e  en clo su re , w h ich  
m ust b e  w e ll aw ay fro m  th e  a x is  o f th e  p ressu re  c e ll fo r sa fe ty  p u rp o se s  ( in  case o f p ressu re  c e ll 
w in d o w  fa ilu re ). O n ce  on  th e  sa fe -side  o f th e  en clo su re , a  flip -m o u n te d  m irro r w as used to  e ith e r
a llo w  th e  beam  to  pass to  a n o th e r le n s w he re  it  w as fo cu sed  o n to  a  d e te cto r, o r to  d ire c t th e  beam  
in to  th e  F T I R  fo r w ave leng th  m easurem ent. A s  a  s tro n g  la se r s ig n a l w as to  b e  m easured , th e  te d io u s  
a lig n m en t p ro ced u re s  d e scrib ed  in  S e c t io n  3.2.9 w ere n o t necessary  an d  in it ia l a lig n m en t c o u ld  be  
c a rrie d  o u t w ith  a red  H e -N e  lase r.
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F ig u re  3.13: Layout of the experimental arrangement for measurement of the pres­
sure dependence of the threshold current and lasing wavelength of MIR lasers at low 
temperature.
H ig h  p ressu re  m easurem ents a t low  te m p e ra tu re  p resen ted  a d d it io n a l co m p lic a tio n s  to  an  a lre a d y  
ch a lle n g in g  exp e rim en t. E x p e rim e n ts  w ere p e rfo rm e d  in  th e  sam e m anne r as d e scrib ed  above b u t 
w ith  th e  p ressu re  c e ll m ou n ted  in s id e  th e  c ry o sta t. A s  som e o f th e  dev ices s tu d ie d  here co u ld  n o t 
b e  o p e ra ted  a t R T , it  w as necessary  to  co o l th e  p ressu re  c e ll to  low  te m p e ra tu re  an d  set th e  fin a l 
a lig n m en t. W h e n  a lig n m en t w as com p le te , th e  system  w as w arm ed  back  to  R T , s in ce  it  w as necessary  
to  b r in g  th e  system  to  h ig h  p ressu re  a t R T  firs t, in  o rd e r to  ach ieve an  adequ a te  sea l. W h e n  th e  
system  w as su cce ss fu lly  sea led  a t h ig h  p ressu re , it  c o u ld  th en  be  coo le d  a g a in  an d  exp e rim en ts  co u ld  
b eg in . O n ce  p ressu rised , o n ly  th e  o p tic s  on  th e  sa fe -side  o f th e  en c lo su re  c o u ld  be  ad ju sted . A ll 
p ressu re  m easurem ents w ere taken  w h ile  d e creas in g  p ressu re  and  th en  rep ea ted  w h ile  in c re a s in g  
p ressu re  (or v ice  versa  fo r R T  exp e rim en ts) in  in crem en ts  o f 0.5 o r 1 k b a r, in  o rd e r to  id e n tify  any 
hyste res is. T e m p e ra tu re  c o n tro l w as ca rr ie d  o u t as d e ta ile d  in  S e c t io n  3.3.3.
3.4 Summary
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In  essence, th e  e x p e rim e n ta l se tup  used fo r th e  spon taneou s em iss ion  a n a ly s is  is  v e ry  s im ila r  to  th a t 
used  in  N IR  spon tan eou s em iss io n  a n a ly s is  expe rim en ts, ex cep t th a t som e key e lem ents have to  be  
rep la ced  b y  e lem ents su ita b le  fo r M I R  w ave leng ths. I t  is  these  key  e lem ents w h ich  are  w eaker an d  
m ore  te ch n o lo g ic a lly  im m a tu re  in  co m p a riso n  to  th e ir  N I R  eq u iva len ts. T h e  use o f these  w eaker 
e lem ents to  ach ieve  reasonab le , q u a n tita tiv e  re su lts  re q u ire d  m uch  deve lopm en t w o rk . A  n ew  M I R  
spon tan eou s em iss ion  a n a ly s is  se tup  w as deve loped  d u r in g  th is  p ro je c t, th ro u g h  deve lopm en t o f 
te chn iqu es to  cope w ith  th e  less advan ced  M I R  com ponen ts. K n o w le d g e  an d  exp e rien ce  w as ca lle d  
u p o n  as m uch  as p o ss ib le  b u t o fte n  le a rn in g  b y  t r ia l an d  e rro r w as th e  o n ly  w ay  fo rw a rd .
H y d ro s ta tic  p ressu re  e xp e rim en ts fo r th e  M I R  dev ices w ere m ore  ch a lle n g in g  fo r a  n um b er o f reasons 
in c lu d in g ; u s in g  th e  less re lia b le  gas p ressu re  system , u s in g  M I R  o p tic a l com pon en ts an d  th e  need 
to  co o l th e  system  to  low  te m p e ra tu re  in  som e cases. F o r exam p le , a co m p lex  h ig h  p ressu re , low  
te m p e ra tu re  e xp e rim en t to  m easure th e  change in  Lh a n d  w ave leng th  w ith  p ressu re  has m an y  c ru c ia l 
e lem ents, each o f w h ich  is  su sce p tib le  to  fa ilu re . In  sp ite  o f th ese  d iffic u lt ie s , th e  h ig h  p ressu re  
exp e rim en ts  y ie ld e d  som e v e ry  in te re s tin g  re su lts .
In  sum m ary, th e  M I R  exp e rim en ts  p e rfo rm ed  in  th is  p ro je c t w ere in h e re n tly  m ore  co m p lica te d  an d  
less w e ll-e s ta b lish ed  th a n  th e ir  N IR  co u n te rp a rts  b u t th ro u g h  in n o v a tio n  an d  perseverance , su ccessfu l 
re su lts  w ere ach ieved.
C h a p t e r  4
S p o n t a n e o u s  e m i s s i o n  a n a l y s i s  o f  
t y p e - I  G a l n A s S b  l a s e r s
4.1 Introduction
T h e  a n a ly s is  o f spon tan eou s em iss ion  ch a ra c te r is tic s  as a  fu n c t io n  o f cu rre n t a n d  te m p e ra tu re  has 
been  su cce ss fu lly  u sed  to  q u a n tify  th e  lo ss p rocesses in  n e a r-in fra re d  se m ico n d u c to r la se rs fo r te le com ­
m u n ica tio n s  a p p lic a t io n s  [74], H e re , th is  te ch n iq u e  has been  a p p lie d  to  m id - in fra re d  (M IR )  la se rs 
w ith  G a ln A s S b  Q W s  in  th e ir  a c tiv e  reg io n  a n d  a  ty p e -I b a n d  a lig n m en t be tw een  th e  Q W  an d  th e  
A lG a A s S b  b a rr ie r  layers. T h e  e x p e rim e n ta l te ch n iq u e  w as ad ap ted  fo r use a t M I R  w ave leng th s as 
d e scrib ed  in  S e c t io n  3 .2 . In te g ra te d  sp on tan eou s em iss io n  w as m easu red  as a fu n c t io n  o f c u rre n t a t 
a  rang e  o f te m p e ra tu re s  be tw een  80 K  a n d  R T . R e su lts  a re  u sed  to  exam in e  th e  re la tiv e  im p o rta n ce  
o f d iffe re n t lo ss m echan ism s in  these  dev ices a n d  co m p a riso n  to  s im ila r ly  s tru c tu re d  n ea r-in fra re d  
(N IR )  d ev ice s is  m ade. F u rth e r  a n a ly s is  o f th e  sp on tan eou s em iss ion  ch a ra c te r is tic s  can  y ie ld  q u a n ti­
ta tiv e  in fo rm a tio n  on  th e  re la tiv e  c o n tr ib u tio n s  fro m  d iffe re n t loss m echan ism s a n d  su ch  in fo rm a tio n  
can  b e  u sed  to  im p le m en t changes w h ich  m in im ise  th e  c o n tr ib u tio n  fro m  th ese  lo ss m echan ism s an d  
enhance  d e v ice  p e rfo rm a nce . T h is  d a ta  ca n  h e lp  d e v ice  g row ers to  m ake m ore  in fo rm e d  en g in e e rin g  
d e c is io n s  an d  avo id  m an y  ‘t r ia l a n d  e rro r ’ steps, w h ich  them se lves are  su b je c t to  v a r ia tio n s  in  g ro w th  
q u a lity  a n d  o th e r re p e a ta b ility  issues.
T h e  in crea sed  th re sh o ld  cu rre n t a n d  te m p e ra tu re  s e n s it iv ity  o f N IR  Q W  la se rs  w ith  in c re a s in g  w ave­
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le n g th  has been  show n  to  be  as a  re su lt o f th e  in crea sed  c o n tr ib u tio n  fro m  A u g e r re co m b in a tio n  
w ith  decreas in g  b an d  gap . F ig u r e  4.1 (from  d a ta  p u b lish e d  b y  Sw eeney et al [82,83]), gene ra ted  
u s in g  th e  a p p lic a t io n  o f h y d ro s ta tic  p ressu re  to  seve ra l N IR  dev ices, show s th e  tre n d  o f in c re a s in g  
th re sh o ld  cu rre n t tow a rd s lo n g e r w ave leng th , w h ich  is  a ttr ib u te d  to  th e  in crea sed  in flu e n ce  o f A u g e r 
re co m b in a tio n  [82]. I t  is  in te re s tin g  to  co n s id e r h ow  th is  tre n d  m ay  co n tin u e  in to  th e  n a rrow e r b a n d  
gap  M I R  reg ion  an d  how  th e  th re sh o ld  cu rre n t d e n s itie s  o f M I R  dev ices w ill com pare  to  th a t o f th e  
w id e r b an d  gap  N IR  lase rs. L o o k in g  a t F ig u r e  4.1, it  can  b e  seen th a t a t w ave leng th s lo n g e r th a n  
2 pm (~  620 m e V ), th e  th re sh o ld  cu rre n t d e n s ity  w o u ld  b e  exp e cted  to  b e  m an y  tim es  g rea te r th a n  
th a t o f a  1.5 pm dev ice .
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F ig u re  4.1: Variation of the normalised threshold current density with lasing energy, 
Eiose. using high pressure techniques to vary the band gap energy of several near-infrared 
lasers, as previously published by Sweeney et aI [82,83].
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A G a In A s S b S tra in # Q W s Q W  w id th
2.37 pm 0.65 0.35 0.11 0.89 1.42 % 3 10 n m
2.11 pm 0.75 0.25 0.038 0.962 1.3 % 2 11 n m
T a b le  4.1: Sample details for the two GalnAsSb devices em itting at wavelengths of 
2.37 pm and 2.11 pm.
In  th is  ch ap te r, th e  re su lts  fo r  G a ln A s S b  dev ices e m itt in g  a t 2.37 pm w ill b e  show n  an d  com pared  
to  th e  re su lts  fo r s im ila r ly  s tru c tu re d  N I R  In P -b a se d  dev ices e m ittin g  a t 1.5 pm. T h e n , a n a ly s is  o f 
G a ln A s S b  dev ice s w ith  an  em iss ion  w ave leng th  o f 2.11 pm  an d  s im ila r  s tru c tu re  to  th e  2.37 pm  la se rs 
w ill b e  p resen ted  an d  d iscu ssed  in  re la tio n  to  b o th  th e  2.37 pm  a n d  1.5 pm  la se rs. E x p e rim e n ts  on  th e
2.11 pm d ev ices w ere m o tiv a te d  p a r t ly  th ro u g h  in te re s t in  how  these  dev ices o p e ra te  a t w ave leng th s 
c lo se r to  2 pm an d  p a r t ly  b y  th e  in te re s tin g  e x p e rim e n ta l re su lts  o f th e  2.37 pm  dev ices.
B o th  th e  2.37 pm  a n d  th e  2.11 pm  la se rs  s tu d ie d  in  th is  ch a p te r w ere g row n  b y  so lid -so u rce  m o le cu la r 
b eam  e p ita x y  (S S -M B E ) on  n -ty p e  (100) G a S b  su b s tra te s  (fo r th e  reasons d iscu ssed  in  S EC TIO N  1.3) 
b y  resea rchers a t th e  U n iv e rs ity  o f M o n tp e llie r , F ra n ce . S S -M B E  is  th e  g ro w th  te ch n iq u e  o f ch o ice  
fo r  th ese  ty p e  o f la se rs, as v e ry  h ig h  q u a lity  m a te r ia l can  be  g row n  a n d  th e  h ig h  th ro u g h p u t o f 
m e ta l o rg a n ic  ch em ica l v a p o u r d e p o s itio n  ( M O C V D )  is  n o t necessary  a t th is  stage o f deve lopm en t. 
B o th  dev ices c o n ta in  eom p ress ive ly  s tra in e d  G a ln A s S b  Q W s  sep a ra ted  b y  A lG a A s S b  b a rr ie r  layers. 
T h e  2.37 pm  d ev ices have th ree  Q W s  an d  1.42 % s tra in , w h ile  th e  2.11 pm  d ev ices have d iffe re n t 
co m p o s itio n , o n ly  tw o  Q W s  an d  1.3 % s tra in . T h e  m a in  d iffe ren ce s in  th e  tw o  dev ice s are h ig h lig h te d  
in  T a b le  4.1. F u ll d e ta ils  o f th e  d e v ice  s tru c tu re  fo r b o th  la se rs can  b e  fo u n d  in  A p p e n d ix  A .
S ta n d a rd  p h o to lith o g ra p h y  te ch n iq u e s  w ere u sed  to  fa b ric a te  la se rs w ith  a  100 /im -w id e  m e ta l co n ta c t 
s tr ip e  fo r  th e  2.37 pm  la se rs. T h e  m e ta l co n ta c ts  on  th e  to p  an d  b o tto m  o f th e  dev ices co n s is ted  
o f P t / A u  a n d  a  th ic k  g o ld  la ye r d e p o s ite d  re sp e ctiv e ly . T h e  2.11 pm  la se rs w ere fa b ric a te d  w ith  a  
rid g e-w aveg u id e  geom etry  w ith  a  r id g e  w id th  o f 6 pm , w h ich  w as fa b ric a te d  u s in g  ch em ica l e tch in g  
an d  S i0 2 fo r e le c tr ic a l is o la tio n .
4.2 Spontaneous emission analysis of A=2.37/am lasers
In ve s tig a tio n s  o f th e  te m p e ra tu re  dependen ce  o f th e  spon tan eou s em iss ion  c h a ra c te r is tic s  o f th e  2.37 
pm la se rs d e sc rib e d  above w ere co n d u c te d  w ith  th e  a im  o f e x p lo r in g  th e  im p o rta n t re co m b in a tio n
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F igure 4 .2 : Temperature dependence of the threshold current density per QW for 1.5 
pm lasers (data taken from Sweeney et al [74]) and for the 2.37 pm devices. The 2.37 
pm devices clearly have a lower threshold density, contrary to expectations from F ig u r e  
4.1.
processes w h ich  in flu e n ce  th e ir  o p e ra tio n .
T h e  dev ices w ere rece ived  in  w a fe r fo rm . A t  S urrey, th e  w a fe r w as cleaved  in to  b a rs  an d  th en  
in to  in d iv id u a l F a b ry -P e ro t la se rs w ith  c a v ity  le n g th s  o f 0.5 m m  an d  1 m m . A lth o u g h  an  in crea se  in  
o u tp u t pow er co u ld  have been  ach ieved  th ro u g h  th e  a p p lic a t io n  o f h ig h ly  re fle c tiv e  an d  a n ti-re fle c tio n  
coa tin g s , th e  fa ce ts  w ere le ft u n co a te d  fo r these  exp e rim en ts  fo r  s im p lic ity  pu rp o ses  [31].
T h e  la se rs w ere m easured  in  p u lse d  m ode a t a  d u ty  cy c le  o f 2%  w ith  a 1  ps lo n g  pu lse , to  m in im ise  
Jo u le  h e a tin g  effects. D ev ice s  w ere in it ia lly  te s ted  a t low er d u ty  cyc le s b u t n o  h e a tin g  e ffects w ere 
observed  b y  in c re a s in g  th e  d u ty  cy c le  to  2% (w h ich  h e lp ed  to  in crea se  th e  s ig n a l to  n o ise  ra t io  o f 
th e  spon tan eou s em iss ion  s ig n a l). T h e  e x p e rim e n ta l se tup  used  in  these  m easurem ents is  d e sc rib ed  
in  S e c t io n  3 .2 . T h e  th re sh o ld  cu rre n t d e n s ity  o f th e  dev ices w as m easured  to  b e  a p p ro x im a te ly
126 A c m -2  (42 A c m - 2 /Q W )  a t R T , w h ich  is  c o n s id e ra b ly  low er th a n  th a t o f a ty p ic a l n e a r-in fra re d  
(N IR )  In G a A s (P )  d e v ice  e m ittin g  a t 1.5 pm  [74], as p lo tte d  in  F ig u r e  4.2. T h is  is  ra th e r s u rp r is in g  
g iven  th e  suggested  tre n d  o f F ig u r e  4.1, w h ic h  in d ic a te s  th a t th e  th re sh o ld  cu rre n t d e n s ity  o f th e  
M I R  d e v ice  sh o u ld  b e  e xp e cted  to  b e  seve ra l tim es la rg e r th a n  th a t o f th e  N I R  dev ice . Id e n tifia t io n  
o f th e  p r im a ry  reason  fo r th is  lo w  th re sh o ld  va lu e  p ro m p te d  fu rth e r in v e s tig a tio n  an d  becam e an  
im p o rta n t o b je c tiv e  o f th is  p a rt o f th e  p ro je c t. R e d u c tio n  o f in te rn a l losses [3,31,84], re d u c tio n  o f 
d e fects  in  th e  m a te r ia l [31] a n d  th e  use o f s tra in  en g in e e rin g  to  red u ce  th e  m* /m* ra t io  [3], an d  
h ence th e  tra n sp a re n cy  cu rre n t, have been  c ite d  as reasons fo r th e  lo w  th re sh o ld s  obse rved  a t these  
w ave leng ths. H ow ever, it  is  u n c le a r w h y  th e  th re sh o ld  cu rre n t d e n s itie s  o f th ese  la se rs  w ere so lo w  
in  co m p a riso n  to  N IR  dev ices. A lth o u g h  low e r th a n  th a t o f th e  1.5 pm  In P -b a se d  N IR  dev ices [74], 
th e  th re sh o ld  cu rre n t d e n s ity  o f th e  2.37 pm  la se rs  is  s t ill te m p e ra tu re  sen s itiv e  ( F ig u r e  4.2) an d  
th e  o r ig in  o f th is  te m p e ra tu re  s e n s it iv ity  w ill a lso  b e  exp lo red .
T h e  lo w  th re sh o ld  cu rre n t d e n s ity  m easu red  fo r th e  2.37 pm  d ev ices can  b e  in v e s tig a te d  b y  co n s id e rin g  
h ow  th e  d iffe re n t re co m b in a tio n  p rocesses d ep en d  on  th e  b a n d  gap, Eg. F ir s t ly , co n s id e r h ow  ra d ia tiv e  
re co m b in a tio n  depen ds on  Eg. T h e  ra d ia tiv e  cu rre n t d e n s ity  a t th re sh o ld , J ra(p ° f  th e  2.37 pm d e v ice  
w o u ld  b e  exp e cted  to  b e  sm a lle r th a n  th a t o f th e  1.5 pm d ev ice , s in ce  Eg o f th e  2.37 pm d e v ice  is  
sm a lle r, b u t c o u ld  th is  d iffe re n ce  a cco u n t fo r  th e  d iffe re n ce  in  J ^ / Q W  o f th e  tw o  dev ices?  A s  
d iscu ssed  w ith  reg a rd  to  th e  change in  Eg w ith  in c re a s in g  p ressu re  in  S e c t io n  2.11, th e  J rad oc Eg 
re la tio n sh ip  fo r  a  n e a r-id e a l Q W  la se r is  a  re a so n ab le  a p p ro x im a tio n . T h e re fo re  J raci fo r th e  2.37 
pm  d e v ice  sh o u ld  b e  40%  o f J rad fo r a  1.5 pm d ev ice . J rad is  know n  to  a cco u n t fo r  20% o f J th (200 
A c m - 2 ) in  th e  1.5 pm  d e v ice  [74]. T h e re fo re , i f  J rad fo r th e  1.5 pm  d e v ice  is  40 A c m - 2 , J rad o f th e
2.37 pm d e v ice  w o u ld  b e  exp e cted  to  b e  ~ 16 A c m -2  (th ro u g h  th e  J rad oc Eg re la tio n sh ip ) . S in ce  
Jth >  16 A c m -2  fo r th e  2.37 pm  d ev ice , th e  e ffe ct o f th e  re d u c tio n  in  J rad a lone , ca n n o t e x p la in  th e  
d iffe re n ce  in  Jth o f th e  tw o  dev ices. T h e  d iffe re n ce  in  th e  n o il- ra d ia tiv e  p rocesses w h ich  in flu e n ce  
th e  th re sh o ld  cu rre n t o f th e  dev ices m ust th e re fo re  be  con sid e red . A n  a n a ly s is  o f th e  spon tan eou s 
em iss ion  ch a ra c te ris tic s , as d e sc rib e d  in  S e c t io n  3.2 w as ca rr ie d  o u t, in  o rd e r to  exam ine  these  
re co m b in a tio n  processes, e x p e rim e n ta lly .
F ig u r e  4.3 show s a  ty p ic a l lig h t-c u rre n t ( L  — I) c h a ra c te r is tic  fo r th e  fa ce t em iss io n  an d  a  ty p ic a l 
sp on tan eou s em iss io n  lig h t-cu rre n t (Lse — I) cu rv e  a t R T . T h e  fa c t th a t th e  Lse — I  cu rv e  does
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F ig u re  4.3: (a) Room temperature facet emission L — I  curve, (b) spontaneous emission 
Lae — I curve and (c) a In-In plot where the gradient close to threshold, Zth, indicates 
the dominant recombination path.
n o t p in  above th re sh o ld  w as in v e s tig a te d  as d e sc rib e d  in  S e c t io n  3.2. T h e re  is  n o  ev id en ce  o f th e  
c o lle c tio n  o f A S E  in  th e  sp e c tra  a n d  th e  n o n -p in n in g  o f th e  Lse — I  cu rve  is  p ro ven  to  b e  s im p ly  
as a  re su lt o f th e  sca tte re d  la s in g  lig h t co lle c te d  above th re sh o ld . A s  show n  in  S e c t io n  2.10, th e  
g ra d ie n t o f a  p lo t o f ln(L lJ 2) ve rsu s ln(I) a t th re sh o ld  g ives us th e  v a lu e  Zth, w h ich  is  th e  pow er 
dependen ce  o f th e  cu rre n t on  c a rr ie r  d e n s ity  a t th re sh o ld . A  p lo t o f Z th as a fu n c t io n  o f te m p e ra tu re  
in  F ig u r e  4.4 show s th a t Zth ^  3 a t ro o m  te m p e ra tu re , in d ic a t in g  th a t A u g e r re co m b in a tio n  (oc n 3) 
is  th e  p r im a ry  cu rre n t p a th , w h ile  a t lo w  te m p e ra tu re  Zth d ro p s  to  a p p ro x im a te ly  2, in d ic a t in g  th a t 
ra d ia tiv e  re co m b in a tio n  (oc n 2) is  d o m in a n t.
Zth ~  2 a t lo w  te m p e ra tu re  in d ic a te s  th a t th e re  is  no  s ig n ific a n t d e fe c t/ im p u r ity  cu rre n t, s in ce  th is  
w o u ld  b e  e v id en t a t th ese  te m p e ra tu re s  w hen  o th e r th e rm a lly  a c tiv a te d  n o n -ra d ia tiv e  re co m b in a tio n  
processes are  fro zen -o u t. T h is  ev id en ce  in d ic a te s  th a t th e  m a te r ia l q u a lity  is  h ig h .
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F ig u re  4.4: The power dependence of the current on carrier density at threshold (Zth) 
as a function of temperature. At RT, Zth is approximately 3, which is characteristic of 
Auger recombination dominance.
I t  is  p o ss ib le  to  e stim a te  th e  p ro p o rtio n a l c o n trib u tio n s  o f d iffe re n t re co m b in a tio n  p rocesses b y  lo o k ­
in g  a t th e  change in  Ltk in  F ig u r e  4 .3(b) w ith  tem p e ra tu re . T h e  va lu e  o f Lth is  p ro p o rtio n a l to  th e  
ra d ia tiv e  cu rre n t d e n s ity  a t th re sh o ld , J rad, so i f  J rad is  k n ow n  a t one tem p e ra tu re , it  can  b e  fo u n d  
a t a ll tem p e ra tu re s  fro m  th e  m easured  Lth(T). I f  th e  a ssu m p tio n  th a t a ll o f th e  th re sh o ld  cu rre n t 
d e n s ity  a t 80 K  is  ra d ia tiv e  is  m ade (i.e. J rad{80 K )  =  J tk(80 K )  an d  th e  p ro p o rtio n a l change in  
Lth w ith  te m p e ra tu re  is  m easured , th en  th e  te m p e ra tu re  dependen ce  o f J rad a n d  hence J non-radi th e  
n o n -ra d ia tiv e  cu rre n t d e n s ity  a t th re sh o ld , can  b e  de te rm ined .
R a d ia tiv e  an d  n o n -ra d ia tiv e  c o n trib u tio n s  to  th e  th re sh o ld  cu rre n t d e n s ity  have been  e stim a ted  
over a  w id e  te m p e ra tu re  range as d isp la y e d  in  F ig u r e  4.5. T h e  re su lts  suggest th a t a t R T  th e  
th re sh o ld  cu rre n t con sis ts  o f a t m ost 20%  ra d ia tiv e  re co m b in a tio n  an d  a t le a st 80% n o n -ra d ia tiv e  
re co m b in a tio n . T h e  Zth-va lu e  o f ~ 3  a t R T  im p lie s  th a t th e  80% n o n -ra d ia tiv e  com pon en t a t R T  
is  m a in ly  A u g e r re co m b in a tio n . In te re s tin g ly , w h ils t th e  re la tiv e  fra c tio n  o f A u g e r re co m b in a tio n  is  
h igh , it  is  n o  g rea te r th a n  is  obse rved  in  th e  m uch  la rg e r b a n d  gap  G a ln A s P / I n P  la se rs o p e ra tin g  
a t 1.5 pm [8]. T h is  m ay be  e x p la in e d  b y  th e  fa c t th a t th e  s p in -o rb it s p lit t in g  energy, A so, is  g rea te r 
th a n  th e  b a n d  gap  o f th e  2.37 pm  m a te ria l. H ence , th e  h o t-h o le  g e n e ra tin g  C H S H  A u g e r p rocess, is  
suppressed . H ow ever, th e  re m a in in g  A u g e r re co m b in a tio n  p a th s  su ch  as th e  h o t-e le ctro n  gene ra tin g  
C H C C  and  th e  h o t-h o le  g e n e ra tin g  C H L H  processes p e rs is t a n d  are  en h anced  b y  th e  sm a ll b a n d  
gap  and  sm a ll e le c tro n  e ffe c tiv e  m ass o f these  M I R  dev ices. T h e  C H C C  an d  C H L H  A u g e r processes 
app ea r to  d o m in a te  th e  te m p e ra tu re  s e n s it iv ity  o f these  dev ices an d  th e ir  R T  th re sh o ld  cu rre n t. In  
th e  1.5 pm lasers, it  has been  show n  th a t C H S H  A u g e r re co m b in a tio n  is  in  fa c t th e  m a in  A u g e r 
p rocess in  these  dev ices [67] because  Eg > A so in  these  s tru c tu re s  an d  th e  C H S H  p rocess is  a llow ed . 
F u rth e r  ev id en ce  fo r th e  im p o rta n ce  o f A u g e r p rocesses in  th e  2.37 jiim  dev ices can  b e  o b ta in e d  fro m  
h ig h  p ressu re  m easurem ents, w h ich  w ill be  p resen ted  in  th e  n e x t ch ap te r.
O f course , th e  p o s s ib ility  o f ca rr ie r  leakage m ust a lso  b e  add ressed  as th is  ca n n o t b e  ru le d  o u t w ith  
th e  above a rgum en t. H ow ever, d ire c t leakage is  n o t expe cted  to  b e  a  p ro b le m  as it  w o u ld  ap p ea r th a t 
th e  h e te ro b a rrie rs  betw een  th e  Q W  an d  b a rr ie r  la ye rs are s u ffic ie n tly  h ig h  to  p reven t ca rr ie r  leakage. 
I t  is  e s tim a ted  th a t in  th is  s tru c tu re , th e  co n d u c tio n  b a n d  o ffse t, A E C ~  370 m e V  an d  th e  va lence  
b an d  o ffse t, A E „  ~  160 m e V  [34,68] w h ich  a re  b o th  la rg e  com pa red  w ith  kT a t ro o m  tem p e ra tu re . 
A ls o , e x p e rim e n ta l re su lts  on  la se rs e m ittin g  a t 2.3 pm w he re  th e  h o le  leakage cu rre n t w as m easured
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F ig u re  4.5: Radiative (Jrad) and non-radiative (Jnon-md) proportional contributions 
to the threshold current density versus temperature. At RT about 80% of the threshold 
current can be attributed to non-radiative processes.
d ire c t ly  u s in g  a  te s t d e v ice  w ith  a h o le  c o lle c tio n  la ye r, suggest th a t h o le  leakage is  n o t a s ig n ific a n t 
cu rre n t p a th  in  these s tru c tu re s  [85]. In d ire c t leakage in to  s a te llite  m in im a  is  n o t expe cted  to  p la y  
a  m a jo r ro le  e ith e r. U s in g  th e  L  an d  X  in d ire c t energy  gap  va lues ca lcu la te d  b y  A d a c h i [69] an d  
th e  m easured  la s in g  energy, th e  T - L  an d  T - X  ene rgy  s p litt in g s  in  th e  Q W  have been  e stim a ted  a t ~  
380 m e V  an d  ~  700 m e V  re sp e ctiv e ly , fo r th e  2.37 pm s tru c tu re . T h e  en e rgy  s p lit t in g  be tw een  th e  
T -p o in t in  th e  Q W  an d  th e  L -p o in t in  th e  b a rr ie r  la ye rs  is  e s tim a ted  to  be  sm a lle r, a t ~  360 m eV , b u t 
a ll o f these  energy  sep a ra tio n s  are m uch  g rea te r th a n  kT a t room  tem p e ra tu re . I t  sh o u ld  be  n o ted  
th a t w h ile  u s in g  th e  m easured  va lu e  o f la s in g  ene rgy  a ccou n ts  fo r s tra in  an d  q u a n tu m  con fin em en t, 
th e  va lues fo r th e  L -  and  X -p o in ts  are c a lcu la te d  fo r b u lk , u n s tra in e d  m a te r ia l a n d  th e re fo re  c a rry  a 
la rg e  u n ce rta in ty .
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4.3 Spontaneous emission analysis of A=2.11/im lasers
4 .3 .1  T e m p e r a t u r e  d e p e n d e n c e  o f  J th
S pon taneous em iss ion  a n a ly s is  w as a lso  c a rrie d  o u t on  2.11 pm  dev ices. A s  these  dev ices have a 
la rg e r b an d  gap  th a n  th e  2.37 pm dev ices (~ 60 m e V  la rg e r), th e y  are  in te re s tin g  fro m  a co m p a ra tiv e  
p o in t o f v ie w  as w e ll as b e in g  rep re sen ta tiv e  o f th e  sh o rte r w ave leng th  en d  o f th e  range  a ch ievab le  
in  th is  m a te ria l system . T h e  energy  d iffe re n ce  be tw een  th e  b a n d  gap  an d  th e  s p in -o rb it s p lit t in g  
energy  ( A ao — Eg) is  expe cted  to  b e  less th a n  in  th e  2.37 pm d ev ices an d  hence th e  C H S H  A u g e r 
processes m ay b e  a llow ed  an d  m ay a  have s ig n ific a n t im p a c t on  th e  th re sh o ld  cu rre n t d e n s ity  an d  
te m p e ra tu re  s e n s it iv ity  o f these  dev ices. A ls o , C H C C  an d  C H L H  A u g e r p rocesses are exp e cted  to  
have red u ced  s ig n ifica n ce , as a  consequence o f th e  la rg e r b a n d  gap . A s  d e ta ile d  in  th e  in tro d u c to ry  
se c tio n  o f th is  ch ap te r, th e  2.11 pm  dev ices have low er com press ive  s tra in  in  th e  Q W s  an d  d iffe re n t 
c o m p o s itio n  th a n  th e  2.37 pm  dev ices. T h e  2.11 pm  la se rs are n a rro w  rid g e-w aveg u id e  s tru c tu re s  
w ith  a 6 /Am -w ide rid g e . T h e se  dev ices w ere a lso  g row n  a t th e  U n iv e rs ity  o f M o n tp e llie r , F ra n ce  
a n d  w ere rece ived  in  b a r fo rm . D ev ice s  o f seve ra l c a v ity  le n g th s  w ere c leaved  fro m  0.5 to  1.9 m m  
an d  m easured  as-cleaved. M easu rem en ts w ere ca rr ie d  o u t in  p u lse d  m ode  u s in g  th e  e x p e rim e n ta l 
a p p a ra tu s  d e scrib ed  in  S e c t io n  3.2. A  d u ty  cy c le  o f 2% w as chosen  to  a vo id  adverse  h e a tin g  e ffects.
T h e  th re sh o ld  cu rre n t d e n s ity  o f th ese  dev ices w as m easured  to  b e  309 A c m -2  a t R T  fo r th e  1.32 m m  
lo n g  dev ices used in  th is  expe rim en t. T h is  co rre sp o n d s to  154 A cm ~ 2 pe r Q W  in  co m p a riso n  to  th e
2.37 pm d ev ices w h ich  have a  J th p e r Q W  o f 42 A c m -2  an d  th e  1.5 pm d ev ices w h ich  have J-th/ Q W  
~  200 A c m -2  a t R T  [74]. A lth o u g h  s ig n ific a n tly  h ig h e r th a n  th a t o f th e  2.37 pm d ev ices, J th/ Q W  
a t R T  is  low er th a n  th a t o f th e  1.5 pm  dev ices, w h ich  is  s t ill in  co n tra s t w ith  th e  p re d ic te d  tre n d  o f 
F ig u r e  4.1. T h is  is  an  in it ia l in d ic a t io n  th a t th e  2.11 pm d ev ices a lso  b e n e fit fro m  th e  su p p re ss io n  
o f th e  C H S H  p rocess. T h e  fa c t th a t Jth/ Q W  fo r th e  2.11 pm  d ev ices is  so m uch  g rea te r th a n  J th/ Q W  
o f th e  2.37 pm c o u ld  b e  re la te d  to  seve ra l fa c to rs . In deed , an  in crea se  in  th e  ra d ia tiv e  cu rre n t and  
a decrease in  th e  c o n tr ib u tio n  fro m  C H C C  an d  C H L H  A u g e r re co m b in a tio n  w o u ld  b e  exp e cted  an d  
th e  p o ss ib le  in tro d u c tio n  o f th e  C H S H  p rocess w ill cause a  r ise  in  J ^ / Q W . H ow ever, these  e ffects 
w o u ld  n o t b e  exp e cted  to  a ccou n t fo r th e  in crea sed  Jth/Q W  obse rved  a t 2.11 pin , w h ich  is  m ore  th a n  
a fa c to r o f 3 la rge r. O n e  lik e ly  e ffect is  la te ra l cu rre n t sp read in g , w h ich  is  h ig h ly  p ro b a b le  in  these
la se rs as th e  r id g e  w id th  is  o n ly  6 pm. T h is  co u ld  cause an  u n d e r-e stim a tio n  o f th e  d e v ice  a rea  and  
hence an  o ve r-e stim a tio n  in  J th• U n fo rtu n a te ly , it  w as n o t p o ss ib le  to  q u a n tify  th e  cu rre n t sp rea d in g  
d u r in g  th is  w o rk , as d ev ices o f d iffe re n t r id g e  w id th s  w ere n o t a va ila b le . H ow ever, an  aw areness 
o f th e  p o ss ib le  in flu e n ce  o f cu rre n t sp re a d in g  w ill b e  m a in ta in e d  th ro u g h o u t th e  an a ly s is . A n o th e r 
fa c to r w h ich  ap p ea rs to  b e  im p o rta n t is  th e  p resence  o f a  la rg e  n o n -ra d ia tiv e  cu rre n t th ro u g h  de fects 
an d  im p u r it ie s  (S R H  re co m b in a tio n ).
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F ig u re  4.6: Temperature dependence of the threshold current density per QW for the
2.11 /xm and 2.37 /im MIR devices, shown with the 1.5 pm NIR data [74],
T h e  te m p e ra tu re  dependen ce  o f J th p e r Q W  fo r th e  tw o  M I R  dev ices an d  th e  1.5 pm d ev ices [74]
is  show n  in  FIGURE 4 .6 . T h e  fla t reg ion  in  th e  te m p e ra tu re  dependence  be tw een  125 K  an d  215
K  in d ic a te s  th e  p resence  o f a n o n -ra d ia tiv e  p ro cess w h ich  is  n o t ve ry  te m p e ra tu re  depen den t. T h is  
is  co n s is te n t w ith  S R H  re co m b in a tio n  h a v in g  a  co n s id e ra b le  in flu e n ce  on  th e  th re sh o ld  cu rre n t and  
be com in g  d o m in a n t a t low er te m p e ra tu re . T h e  o r ig in  o f th e  decrease in  J th a t th e  low est tw o
tem p e ra tu re  d a ta  p o in ts  is  less .clear b u t c o u ld  b e  a ttr ib u te d  to  th e  d e -a c tiv a tio n  o f d e fects an d  
hence a  re d u c tio n  o f S R H  re co m b in a tio n  a t th ese  tem p e ra tu re s.
4 .3 .2  T e m p e r a t u r e  d e p e n d e n c e  o f  Zth
Zth is  d e te rm in ed  fo r these  dev ices in  th e  sam e fa sh io n  as fo r th e  2.37 pm dev ices, w he re  th e  s lop e  
o f a  ln (I) versus ln(L lJ 2) p lo t n ea r th re sh o ld  g ives a  v a lu e  fo r  Zth- A s  n o n -p in n in g  o f th e  Lse — I  
cu rve  w as a lso  observed  in  these  dev ices, s p e c tra l a n a ly s is  w as ca rr ie d  o u t as d e sc rib ed  in  S e c t io n  
3.2. T h e re  w as n o  ev id en ce  o f u n in te n tio n a l c o lle c tio n  o f A S E  b e lo w  th re sh o ld . T h e  n o n -p in n in g  
d id  n o t a p p ea r to  be  e n tire ly  due  to  sca tte re d  la s in g  em iss ion  an d  w ill b e  d iscu ssed  in  th e  n ex t 
su b -se ction . F ig u r e  4.7 show s th e  te m p e ra tu re  dependen ce  o f Zth, w he re  Zth ~  1 a t 80 K ,  r is in g  to  
a b o u t 2.6 a t R T . T h is  in d ic a te s  th a t a t lo w  te m p e ra tu re  th e  th re sh o ld  cu rre n t is  d o m in a ted  b y  S R H  
re co m b in a tio n  (th ro u g h  de fects a n d  im p u ritie s )  a n d  a t R T  it  is  d o m in a te d  b y  A u g e r re co m b in a tio n . 
In  fa c t, i f  a  Z =  1 lin e  is  fitte d  to  th e  In i v s InL1! 2 p lo t a t 80 K  as show n  in  F ig u r e  4 .8(a), th e  
c o n tr ib u tio n  fro m  S R H  cu rre n t can  b e  e stim a ted  a t ~  90%. T h is  co rre sp o n d s to  a  m in im u m  S R H  
c o n tr ib u tio n  to  th e  th re sh o ld  cu rre n t a t R T  o f ~  40% .
Zth ~  2.6 a t R T  ( F ig u r e  4 .8 (b )) suggests th a t th e  th re sh o ld  cu rre n t a t R T  is  d o m in a ted  b y  A u g e r 
re co m b in a tio n . T h e  s u b s ta n tia l c o n tr ib u tio n  fro m  S R H  cu rre n t w ill cause a  decrease in  th e  va lu e  
o f Zth th a t is  m easured . T h e  in flu e n ce  o f th e  h ig h  S R H  cu rre n t on  th e  m easured  Z ^ -v a lu e  a t 
R T  can  be  e stim a ted  i f  w e m ake th e  a p p ro x im a tio n  th a t 40%  o f th e  th re sh o ld  cu rre n t a t R T  is  
due to  S R H  re co m b in a tio n  an d  th a t th e  re m a in in g  60%  is  due to  a  co m b in a tio n  o f ra d ia tiv e  an d  
A u g e r re co m b in a tio n . T h e  m ax im um  va lu e  o f Zth a t R T  w hen  40%  o f th e  th re sh o ld  cu rre n t is  
a ttr ib u te d  to  S R H  re co m b in a tio n  o ccu rs  w hen  th e  re m a in in g  60%  is  assum ed to  b e  a ll as due  to  
A u g e r re co m b in a tio n  an d  can  be  d e te rm in ed  b y  an  exp re ss ion  fo r Z [86]:
Z = 1  +  _J_ 2 (4.1)
Ifh Ith
T h is  g ives a  m ax im um  va lu e  fo r Zth o f 2.2. T h is  v a lu e  w ill decrease w hen  th e  c o n tr ib u tio n  fro m  
ra d ia tiv e  re co m b in a tio n  is  in c lu d e d . C le a rly , th e  m easured  va lu e  o f Zth ~  2.6 is  la rg e r th a n  th e  
c a lcu la te d  m ax im um . T h is  in co n s is te n cy  is  a  p o ss ib le  in d ic a to r  o f ca rr ie r  leakage, w h ich  w ill be
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F ig u re  4.7: Temperature dependence of Zth for the 2.11 pm devices, shown with Zth 
for the 2.37 //m devices for comparison.
explored further with regard to the pressure measurements, presented in the next chapter.
Also, lateral current spreading could be expected to influence the measured Zrf-values if there is 
significant variation in the carrier density across the width of the device. However, it is difficult to 
estimate the magnitude of this effect without measuring devices of different ridge widths.
4 .3 .3  P in n in g  o f  t h e  Lse — I  c u r v e
As mentioned in SECTION 1.3, non-pinning of the spontaneous emission Lse—I  curves above threshold 
can be an indication of effects which have a negative influence on laser performance. It can be seen 
from Fig ure  4.9 (black line) that the Lse —  I  curve does not pin above threshold as expected when 
the carrier density clamps at threshold. Spectral measurements were taken at several drive current 
values above and below threshold and evidence of the collection of scattered lasing emission was
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F ig u re  4.8: (a) ln (L ](2) versus ln (I ) plot for the 2.11 /zm lasers at 80 K, where Z =  1 
fits well to low current showing the importance of SRH recombination at this temperature 
and (b) ln(L\(2) versus ln (I)  plot showing a Zth value of 2.64 at RT.
observed. T h e  m easured  la s in g  peak  d id  n o t o ccu r w ith  h a lf a  m ode sp a c in g  o f th e  spon taneou s 
em iss ion  peak, c o n firm in g  th a t A S E  is  n o t co lle c te d  and  does n o t a ffe ct th e  m easured  Z ^ -va lu es.
I f  th e  sp e c tra  are in te g ra te d  w ith  th e  c o n tr ib u tio n  from  la s in g  em iss ion  su b tra c te d  it  can  be  seen 
from  FIGURE 4.9, w here  th e  red  c irc le s  rep re sen t th e  sp e c tra l d a ta  p o in ts  an d  th e  b la ck  lin e  rep ­
resen ts th e  d a ta  taken  w ith  ju s t th e  d e te c to r (w here  a ll lig h t w ith in  th e  d e te c to r ’s s p e c tra l range 
w ill be in te g ra ted ), th a t p in n in g  is  s t ill n o t observed , w h ich  in d ica te s  th a t som e o th e r e ffect is  a lso  
c o n tr ib u tin g  to  n o n -p in n in g . It is  p o ss ib le  th a t th e  in c re a s in g  spon tan eou s em iss ion  above th re sh o ld  
is  as a re su lt o f th e  c o n tr ib u tio n  from  cu rre n t sp rea d in g  reg ion s (reg ion s n o t ly in g  d ire c t ly  u n d e r th e  
rid g e ). T h e se  reg ion s m ay be  pu m p ed  w ith  a low er ca rr ie r  d e n s ity  th a n  th e  reg ion  d ire c t ly  b enea th  
th e  rid g e  an d  hence m ay n o t have enough  g a in  to  reach  th re sh o ld . T h e re fo re , spon tan eou s em is­
s io n  from  these se ctio n s co u ld  co n tin u e  to  in crea se  above th e  th re sh o ld  cu rre n t o f th e  lase r. O th e r 
p o s s ib ilit ie s  in c lu d e , in h om og en e itie s  in  th e  m a te ria l and  in te rn a l h ea tin g .
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F ig u re  4.9: Spontaneous emission versus current for a 2.11 //m laser at RT. (black line) 
measured with an InSb detector only, (red circles) where the spectrum was measured at 
each point and integrated with the contribution from scattered lasing emission removed.
4.4 Summary
In  co n c lu s io n , th e  2.37 pm d ev ices are d o m in a te d  b y  ra d ia tiv e  re co m b in a tio n  a t low  tem p e ra tu re , 
w h ile  th e ir  R T  o p e ra tio n  is  d o m in a ted  by  A u g e r re co m b in a tio n . It is  e s tim a te d  th a t u p  to  80%  o f 
th e  th re sh o ld  cu rre n t o f these  dev ices a t R T  is  due  to  A u g e r re co m b in a tio n , w h ich  is  no m ore th a n  
in  1.5 pm In G a A s (P )  dev ices [74] w h ich  have a  m uch  la rg e r b an d  gap. I t  is  suggested  th a t th e  
su p p re ss io n  o f th e  C H S H  A u g e r p rocess, w h ich  is  d o m in a n t in  th e  1.5 pm la se rs [67] is  p r im a r ily  
re sp o n s ib le  fo r th e  low  th re sh o ld  cu rre n t d e n s itie s  m easured . C a rr ie r  leakage is  con sid e red  u n lik e ly  
to  be  o f s ig n ific a n ce  in  these  lase rs, s in ce  estim a te s  o f b a n d  o ffse ts a re  m any  tim es kT.
Zth~va lues fo r th e  2.11 pm v a ry  fro m  Zth ~ 1 a t 80 K , in d ic a t in g  th a t m ost o f th e  th re sh o ld  cu rre n t 
a t th is  te m p e ra tu re  is  due to  S R H  re co m b in a tio n , to  a b o u t Zth ~ 2 .6  a t R T , su ggestin g  th a t A u g e r
re co m b in a tio n  is  th e  d o m in a n t cu rre n t p a th  a t R T . H ow ever, these  re su lts  need to  b e  con sid e re d  
w ith  ca u tio n , as th e re  is  th e  p o s s ib ility  th a t cu rre n t sp re a d in g  co u ld  have an  im p a c t on  th e  m easured  
X f/rv a lu e s  an d  th a t ca rr ie r leakage co u ld  a lso  p la y  a  ro le  in  th e  o p e ra tio n  o f these  lase rs. O v e ra ll, 
these  re su lts  suggest th a t d iffe re n t processes d o m in a te  th e  lo w -tem p e ra tu re  th re sh o ld  cu rre n t o f th e  
tw o  dev ices b u t th a t th e  R T  th re sh o ld  cu rre n t o f b o th  dev ices is  d o m in a te d  b y  A u g e r re co m b in a tio n . 
F u rth e r e x p lo ra tio n  o f these issues w ill b e  c a rrie d  o u t w ith  re fe ren ce  to  th e  p re ssu re  dependen ce  d a ta  
fo r these  dev ices, p resen ted  in  th e  n e x t ch ap te r.
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C h a p t e r  5
H y d r o s t a t i c  p r e s s u r e  d e p e n d e n c e  o f  
G a l n A s S b  t y p e - I  l a s e r s
5.1 Introduction
T h e  use o f h y d ro s ta tic  p ressu re  as an  in v e s tig a tiv e  to o l in  th e  s tu d y  o f I I I - V  sem ico n d u cto rs  is  d is ­
cussed in  S e c t i o n  2.11. Indeed , th is  te ch n iq u e  has been  used  e x te n s iv e ly  in  th e  s tu d y  o f b a n d  gap  
d epen den t processes in  N I R  a n d  v is ib le  la se r d ev ice s [87-89]. In  th is  ch ap te r, th e  re su lts  o f h ig h  
p ressu re  m easurem ents on  G a ln A s S b  ty p e -I la se rs  e m itt in g  in  th e  M I R  s p e c tra l rang e  are d iscussed . 
T h e se  re su lts  w ill b e  a n a ly sed  in  c o n ju n c tio n  w ith  th e  spon tan eou s em iss io n  re su lts  p resen ted  in  th e  
p re v io u s  ch ap te r, to  fu lly  assess th e  lo ss p rocesses a ffe c tin g  th e  p e rfo rm a n ce  o f these  dev ices. W h ile  
h ig h  p re ssu re  m easurem ents a re  o fte n  a  v e ry  g o o d  m e th o d  o f id e n tify in g  th e  d o m in a n t re co m b in a tio n  
m echan ism  in  a  sem ico n d u cto r la se r q u ick ly , i f  seve ra l d iffe re n t lo ss processes are  p o ss ib le , it  is  som e­
tim es d iff ic u lt  to  d is t in g u is h  be tw een  th em . I t  is  th en , th a t th e  use o f h ig h  p re ssu re  m easurem ents in  
ta n d em  w ith  sp on tan eou s em iss ion  a n a ly s is  can  h e lp  b r in g  c la r ity  to  th e  assessm ent o f th e  im p o rta n t 
lo ss p rocesses in  a dev ice . S e c t i o n  3.3 d e scrib e s  th e  e x p e rim e n ta l e q u ip m en t a n d  te ch n iq u e s  used 
in  these  m easurem ents.
T h e  sp on tan eou s em iss ion  a n a ly s is  p resen ted  in  th e  p re v io u s  ch a p te r w as c a rr ie d  o u t on  tw o  dev ices 
e m itt in g  a t 2.37 pm a n d  2.11 pm. T h e  sam e dev ices a re  s tu d ie d  here, ex cep t th e  sh o rte r c a v ity  
le n g th s  (~ 0.5  m m ), w h ich  a re  m ore  su ite d  to  m o u n tin g  in  th e  p ressu re  a p p a ra tu s , a re  m easured .
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A . G a In A s Sb S tra in # Q W s Q W  w id th
2.37 pm 0.65 0.35 0.11 0.89 1.42 % 3 10 nm
2.11 pm 0.75 0.25 0.038 0.962 1.3 % 2 11 nm
2.18 pm 0.66 0.34 0.05 0.95 1.78 % 3 8 nm
T a b le  5.1: Sample details for the three GalnAsSb devices studied.
T h e  o b je c tiv e  is  to  h e lp  b u ild  an o v e ra ll p ic tu re  o f th e  im p o rta n t n o n -ra d ia tiv e  p rocesses in  th e  
G a ln A s S b  m a te r ia l system . In  p a rtic u la r, h y d ro s ta tic  p ressu re  re su lts  w ill b e  u sed  to  id e n tify  th e  
type o f A u g e r p rocess w h ich  is  m ost im p o rta n t in  each  dev ice . A s  d iscu ssed  in  S e c t io n  2.8.3, th e re  
are th ree  m a in  ty p e s  o f A u g e r re co m b in a tio n  processes w h ich  are  u su a lly  co n sid e re d  im p o rta n t in  III-  
V  m a te ria ls , an d  it  is  o fte n  h e lp fu l to  know  w h ich  o f these  processes is  m ost im p o rta n t. A d d it io n a lly , 
th e  p ressu re  d ependen ce  o f a  th ir d  d ev ice  g row n  b y  resea rchers a t A r iz o n a  S ta te  U n iv e rs ity , U S A , 
e m ittin g  a t 2.18 pm w ill b e  p resen ted . T h e se  la se rs a rr iv e d  a t S u rre y  in  in d iv id u a l ch ip  fo rm  w ith o u t 
any  fa ce t co a tin g s . T h e  s tr ip e  w id th  w as 60 pm , w h ile  th e  c a v ity  le n g th s  w ere a p p ro x im a te ly  1.6 
m m . D e ta ils  o f th e  s tru c tu re  o f a ll th re e  dev ices are  d e sc rib ed  in  A p p e n d ix  A  an d  key  d iffe ren ce s 
are sum m arised  in  T a b le  5.1, fo r c la rity .
5.2 How the threshold current density varies with pressure
F IG U R E  5.1 show s th e  v a r ia tio n  o f Jth w ith  p ressu re  fo r th e  2.37 pm , th e  2.18 pm a n d  th e  2.11 pm 
devices. F o r th e  2.11pm  d a ta , th e  e stim a te d  m in im u m  S R H  c o n tr ib u tio n  to  th e  th re sh o ld  cu rre n t 
d e n s ity  o f 40%  a t R T  (as d e te rm in ed  fro m  th e  spon tan eou s em iss ion  a n a ly s is  in  th e  p re v io u s  ch ap te r) 
has been  rem oved fro m  th e  Jth-va lu e  a t am b ien t p ressu re  to  a llo w  b e tte r co m p a rs io n  w ith  th e  2.37 
pm la se rs. T h e  sam e va lu e  o f J sri-i has been  su b tra c te d  fro m  th e  va lu e  a t each  p ressu re , as J srh  
is  assum ed to  be  in d e p en d en t o f p ressu re . T h e  gene ra l a p p ro a ch  to  th e  in te rp re ta tio n  o f th e  p ressu re  
dependence  o f Ith/Jth ° f  Q W  la se rs is  con sid e red  in  S e c t io n  2.11.
C le a r d iffe ren ces can  b e  seen in  th e  p ressu re  dependen ce  o f J th fo r  th e  th ree  dev ices m easured  
w h ich  in d ica te s  th a t d iffe re n t processes d o m in a te  th e ir  th re sh o ld  cu rren ts . Jth fo r  th e  2.37 pm 
la se rs decreases w ith  p ressu re  w h ile  in  th e  tw o  sh o rte r w ave leng th  dev ices J th in creases w ith  a p p lie d  
p ressu re. T h e  fa c t th a t Jth o f th e  2.11 pm d ev ice  is  n o t co m p a ra b le  to  th a t o f th e  2.37 pm dev ices 
can  be p a r t ly  a ttr ib u te d  to  th e  fa c t th a t cu rre n t sp re a d in g  (w h ich  is  lik e ly  to  b e  s ig n ific a n t in  these  6
/ im -rid g e  s tru c tu re s ) w ill cause an  o v e r-e s tim a tio n  o f J th in  th e  2.11 pm la se rs. A ls o , w h ile  th e  2.37 
pm d ev ices have 3 Q W s  an d  v e ry  lo w  in te rn a l losses o f 4 cm -1  [31], th e  2.11 pm s tru c tu re s  o n ly  have 2 
Q W s  an d  m ay have s ig n ific a n tly  h ig h e r losses. T h is  w o u ld  in crease  th e  th re sh o ld  c a rr ie r  co n ce n tra tio n  
nth an d  hence in crea se  J th (A u g e r re co m b in a tio n  (oc n 3) w o u ld  a lso  becom e m ore  d o m in a n t a t h ig h e r 
nth). T h e  d iffe ren ce s in  th e  gene ra l tre n d  o f each  d e v ice  can  be  m ore e a s ily  a p p re c ia te d  in  th e  p lo t 
o f F igu re 5.2 w here  J th fo r each d e v ice  is  n o rm a lise d  to  1 a t a tm o sp h e ric  p ressu re . T h e  d is t in c t 
d iffe re n ce  in  th e  p ressu re  d ependen ce  o f th e  2.37 jum an d  th e  2.11 pm d ev ices m ust be  co n sid e red  in  
lig h t o f th e  fa c t th a t th e  sp on tan eou s em iss io n  a n a ly s is  p resen ted  in  th e  p re v io u s  ch ap te r, in d ica te s  
th a t b o th  dev ices are d o m in a te d  b y  A u g e r re co m b in a tio n  a t R T .
T h e  th re sh o ld  cu rre n t o f th e  2.37 pm  la se rs in it ia lly  decreases w ith  p ressu re , w h ich  is  co n s is ten t 
w ith  th e  b a n d  gap  in d u ce d  decrease in  th e  A u g e r re co m b in a tio n  p rocesses. T h is  is  co n s is te n t w ith
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F ig u re  5.1: Pressure dependence of the threshold current density of all three GalnAsSb 
lasers at RT. (The J s r h  contribution to J t h  in the 2.11 /zm lasers has been removed)
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o u r te m p e ra tu re  dependen ce  m easurem ents. A t  a b o u t 7 k b a r, th e  th re sh o ld  cu rre n t app ea rs to  go 
th rou g h  a m in im u m  an d  th en  beg in s to  in crease , in d ic a t in g  th e  in tro d u c tio n  o f a n o th e r im p o rta n t 
re co m b in a tio n  process. W h ile  th is  is  n o t a  p ro b lem  fo r n o rm a l o p e ra tio n  o f th e  2.37 pm dev ices, 
it  is  o f in te re st fo r d ev ices e m ittin g  c lo se r to  2 pm, s in ce  a t 7 k b a r, Eiase ~  605 m e V  and  A ~  
2.05 pm. T h e  p rocess m ost lik e ly  to  b e  re sp o n s ib le  fo r th e  above-7  k b a r in crease , is  C H S H  A u g e r 
re co m b in a tio n . A t  a tm o sp h e ric  p ressu re  th e  C H S H  A u g e r p rocess is  supp ressed  in  th is  dev ice , s in ce  
th e  s p in -o rb it s p lit t in g  energy, A so , is  g rea te r th a n  th e  ban d  gap, Eg, b u t a t h ig h  p ressu res Eg 
app roaches A so and  th e  C H S H  p rocess can  becom e s ig n ific a n t [68,90] as show n  in  F ig u r e  5.3. T h is  
m ay a lso  be a ccom p an ied  by  in te r-va le n ce -b an d  a b so rp tio n  ( IV B A )  be tw een  th e  s p in -s p lit-o ff b an d  
and  th e  heavy h o le  ban d , w h ich  w ill fu rth e r in crea se  th e  th re sh o ld  cu rre n t an d  redu ce  th e  s lop e  
e ffic ie n cy  above th re sh o ld  [70]. U n fo rtu n a te ly , it  w as n o t p o ss ib le  to  c o lle c t re lia b le  s lo p e  e ffic ie n cy
Pressure (kbar)
F ig u re  5.2: Pressure dependence of the normalised threshold current density of all three 
GalnAsSb lasers at RT.(The J srh  contribution to J th in the 2.11 pm lasers has been 
removed)
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d a ta  in  th is  e xp e rim e n t w h ich  w o u ld  have been  u se fu l to  h e lp  id e n tify  I V B A .  A n o th e r s ig n ific a n t 
ou tcom e o f th is  m easurem ent is  th a t th e  p o te n t ia l ro le  o f ca rr ie r  leakage, w h ich  c o u ld  n o t b e  ru le d  
o u t th ro u g h  th e  sp on tan eou s em iss io n  a n a ly s is , can  be  b e tte r assessed w ith  re sp e ct to  th e  m easured  
p ressu re  dependence . T h e  p o s s ib ility  o f c a rr ie r  leakage is  d iscu ssed  se p a ra te ly  in  d e ta il in  S EC TIO N  
5.3.1.
(a) CHSH (b) CHSH
F ig u re  5.3: (a) Suppression of the CHSH Auger process when A so >  Eg and (b) the 
activation of the CHSH process with applied pressure, as Eg is increased and becomes 
comparable to A so-
T u rn in g  to  th e  p ressu re  d ependen ce  o f th e  la rg e r b a n d  gap  2.18 pm d ev ices, w e see th a t it  show s 
an  in crea se  in  th re sh o ld  cu rre n t fro m  a tm o sp h e ric  p ressu re , su ggestin g  th a t th e  C H S H  p rocess m ay 
a lre a d y  be  o c cu rr in g  a t am b ien t p ressu re . A s  p ressu re  is  in creased  and  Eg app roach es A so th e re  is  an  
in crea se  in  C H S H  A u g e r re co m b in a tio n  w h ich  causes an  in crea se  in  T h e  rise  in  th re sh o ld  o f th e
2.11 pm d ev ices is  even m ore p ro n o u n ced , as it s  b a n d  gap  is  la rg e r th a n  th a t o f th e  2.18 pm dev ices. 
A d d it io n a lly  th e  h ig h e r com p ress ive  s tra in  in  th e  2.18 pm la se rs m ean th a t th e y  have a s ig n ific a n tly  
redu ced  c o n tr ib u tio n  fro m  A u g e r re co m b in a tio n , due  to  th e  re d u c tio n  in  th e  e ffe c tiv e  m ass fo r ho les 
in  th e  va len ce  ban d . A s  m en tio ned  fo r th e  above-7  k b a r 2.37 pm re su lts , it  is  ve ry  p o ss ib le  th a t 
I V B A  a lso  o ccu rs  an d  cou p le s to  th e  C H S H  p rocess, as th e  resonance be tw een  th e  E 5 an d  A so is
app roach ed . T h e se  re su lts  show  th a t a lth o u g h  b o th  th e  2.37 pm la se rs an d  th e  sh o rte r w ave leng th
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2.11 pm d ev ices are  d o m in a ted  b y  A u g e r re co m b in a tio n , th e y  are  d o m in a te d  b y  d iffe re n t ty p e s  o f 
A u g e r p rocess. T h e  in tro d u c tio n  o f C H S H  A u g e r, w h ich  w ill in crea se  as Eg app roaches A so, is  m ost 
lik e ly  to  be  re sp o n s ib le  fo r th e  rise  in  th re sh o ld  cu rre n t w ith  p ressu re  in  th e  2.11 pm dev ices. T h e  
in crea se  in  th e  ra d ia v tiv e  com pon en t o f th e  th re sh o ld  cu rre n t w ill a lso  c o n trib u te  to  th e  ris e  in  Jth 
w ith  p ressu re , a lth o u g h  ra d ia tiv e  re co m b in a tio n  does n o t a p p ea r to  b e  th e  d o m in a n t cu rre n t p a th . 
T h e  in crease  in  J ra(i is  exp e cted  to  b e  a p p ro x im a te ly  p ro p o rtio n a l to  E2, b u t th e  change in  o p tic a l 
con fin em en t fa c to r m ay red u ce  th is  ra te  o f in crea se  as d iscu ssed  in  S EC TIO N  2.11.
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5.3 How the threshold current density varies with lasing energy
In  o rd e r to  take  in to  a ccou n t th e  d iffe re n ce  in  b a n d  gap  o f th e  th ree  dev ices, th e  th re sh o ld  cu rre n t 
is  p lo tte d  versus th e  la s in g  energy, Eiase, in  F igu re 5.4. T h e  p ressu re  dependen ce  o f Eiase fo r th e
2.37 pm. an d  2.18 pm d ev ices is  ta ken  fro m  ref. [91] an d  fo r th e  2.11 pm d e v ice  (F igu re 5.6) it  
w as m easured  u s in g  th e  se tup  d e sc rib ed  in  SECTION 3.3. F igure 5.5 show s th e  sam e re su lts  on  a 
p lo t w here  th e  2.37 pm d a ta  is  n o rm a lise d  to  a tm o sp h e ric  p ressu re  an d  th e  d a ta  fo r th e  tw o  sh o rte r 
w ave leng th  dev ices is  n o rm a lise d  to  th e  2.37 pm d a ta  a t th e ir  am b ien t £ )ase-va lues.
T h e se  re su lts  c le a r ly  in d ic a te  th e  ene rgy  reg im es in  w h ich  th e  d iffe re n t A u g e r processes d om ina te . F o r 
th e  2.37 pm la se rs, th e  o p tim u m  la s in g  ene rgy  is  ~ 600 m e V  (2.1 pm) fo r w h ich  th e  C H C C  o r C H L H  
processes have been  m in im ise d  an d  b e fo re  th e  C H S H  p rocess has sw itch ed -on . T h e  2.18 pm and
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F ig u re  5.4: Threshold current density as a function of lasing energy, Eiase, for type-I 
GalnAsSb lasers emitting at 2.37 pm, 2.11 pm (with SRH component removed) and 2.18
pm.
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F ig u re  5.5: Normalised threshold current as a function of lasing energy, Eiaae, for type-I 
GalnAsSb lasers emitting at 2.37 pm, 2.11 (with SRH component removed) and 2.18
pm.
2.11 pm d ev ices have th e ir  m in im u m  th re sh o ld  cu rre n t a t a tm o sp h e ric  p ressu re  w h ich  co rre sp on d s 
to  la s in g  energ ies o f a p p ro x im a te ly  570 m e V  an d  590 m e V  re spe ctive ly . T h e  im m ed ia te  in crease  in  
th re sh o ld  cu rre n t w ith  la s in g  energy  in  these dev ices suggests th a t th e  C H S H  A u g e r p rocess is  a llow ed  
to  o ccu r in  these dev ices a t am b ien t p ressu re. T h e  fa c t th a t th e  m in im u m  fo r a ll th ree  dev ices does 
n o t o ccu r a t th e  sam e la s in g  energy  is  m ost p ro b a b ly  re la te d  to  seve ra l a spects o f th e  b an d  s tru c tu re  
and  to  p o ss ib le  d iffe ren ce s in  nth• T h e  d iffe re n ce  in  A so an d  in  th e  e ffe c tiv e  m asses o f th e  bands 
w ith  d iffe re n t co m p o s itio n  an d  s tra in  are n o t ve ry  w e ll know n  fo r q u a te rn a ry  a llo y s  an d  w ill have an 
im p a ct on  th e  c o n trib u tio n s  from  d iffe re n t re co m b in a tio n  processes.
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F ig u re  5.6: Pressure dependence of the lasing wavelength for a 2.11 ym  GalnAsSb laser.
This corresponds to a pressure coefficient of Ejase of approximately 10.3 meV/kbar.
5 .3 .1  I s  i t  p o s s ib le  t h a t  c a r r ie r  le a k a g e  c o u ld  p la y  a  m a jo r  r o le ?
A n o th e r p o ss ib le  lo ss p rocess w h ich  m ust be  taken  in to  co n s id e ra tio n  is  c a rr ie r  leakage, w h e th e r 
d ire c t ly  fro m  th e  Q W  in to  th e  b a rr ie r  la ye rs o r in d ire c t ly  fro m  th e  T -v a lle y  in  th e  Q W  to  th e  L  o r 
X -v a lle y s  o f th e  Q W s  a n d /o r o th e r laye rs. A t  th is  p o in t it  is  easier to  fu lly  assess th e  p ro b a b ility  o f 
c a rr ie r  leakage, in  lig h t o f e x p e rim e n ta l sp on tan eou s em iss io n  an d  h ig h  p ressu re  re su lts  an d  th e o re tic a l 
e stim a te s o f b a n d  o ffse ts.
I f  d ire c t leakage fro m  th e  Q W  in to  th e  b a rr ie r  la ye rs w ere th e  d o m in a n t loss p rocess, a  p ressu re  
in d e p en d en t th re sh o ld  cu rre n t w o u ld  b e  expe cted . T h is  is  re la ted  to  th e  fa c t th a t th e  b an d  gap  
p ressu re  co e ffic ie n ts  o f th e  Q W  an d  b a rr ie r  la ye rs a re  s im ila r  an d  th a t th e  change  in  th e  va lence  
b an d  o ffse t in  I I I - V  Q W  system s is  m easured  [79] an d  ca lcu la te d  [80] to  be  n e g lig ib ly  sm a ll i.e . th e re  
is  no  s ig n ific a n t change in  th e  b a n d  o ffse t ra tio . A ls o , th e  d ire c t b an d  o ffse ts  be tw een  th e  Q W  and  
b a rr ie r  m a te ria ls  in  th is  d e v ice  are  e s tim a te d  to  be  over 325 m e V  in  th e  c o n d u c tio n  b an d  an d  over 
140 m e V  in  th e  va len ce  b an d  [34,68]. T h e se  va lu es a re  m any  tim es kT a t R T  an d  hence a re  n o t
-i | i 1---- 1 | i---- 1---- .---- 1---- - --- 1— i— i— ■---- r
P (IJ -  10.3 meV/kbar
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expe cted  to  g ive  r ise  to  a s ig n ific a n t c a rr ie r leakage p a th .
Leakage  to  in d ire c t s a te llite  v a lle y s  m ust a lso  b e  co n sid e re d  as a  p o ss ib le  lo ss m echan ism . A n  a lte r­
n a tiv e  e x p la n a tio n  fo r th e  ris e  in  Jth observed  in  th e  2.11 pm a n d  2.18 pm d ev ices an d  a lso  in  th e
2.37 pm  d ev ices above 7 k b a r co u ld  in v o lv e  in d ire c t leakage in to  th e  L -m in im a . T h e  L -m in im a  in  th e  
b a rr ie r  an d  Q W  la ye rs  are c lo se st in  energy  to  th e  T -p o in t in  th e  Q W  an d  th e  T - L  s p lit t in g  energy  is  
know n  to  decrease w ith  in c re a s in g  p ressu re  [81]. Indeed , a  co n tin u e d  in crea se  in  Ith fo r  th e  sam e 2.37 
pm dev ices u p  to  19 k b a r has been  m easured  b y  A d a m ie c  et al [91]. F igu re  5.7 show s a  f it  to  th e  
d a ta  m easured  by  A d a m ie c  et al, w he re  th e  b la ck  c irc le s  rep re sen t th e  n o n -ra d ia tiv e  com p on en t o f 
th e  th re sh o ld  cu rre n t an d  th e  red  lin e  rep re sen ts a  lin e  o f b e st f it  to  th is  d a ta  a ssu m in g  th a t C H S H  
A u g e r re co m b in a tio n  p la y s  n o  ro le  an d  th a t th e  th re sh o ld  cu rre n t is  m ade u p  o f c o n tr ib u tio n s  fro m  
th e  re m a in in g  A u g e r processes an d  in d ire c t ca rr ie r  leakage to  th e  L -m in im a .
F ir s t ly , th e  ra d ia tiv e  com pon en t o f th e  th re sh o ld  cu rren t, w h ich  is  k n ow n  fro m  th e  spon tan eou s 
em iss ion  a n a ly s is  p resen ted  in  th e  p re v io u s  ch a p te r to  b e  (~20% ) is  sca led  as a  fu n c t io n  o f p ressu re  
u s in g  th e  I ra d cc E 2 ap p ro x im a tio n . T h is  com p on en t is  th e n  rem oved  to  leave o n ly  th e  p ressu re  
dependen ce  o f th e  n o n -ra d ia tiv e  th re sh o ld  cu rre n t, I no n -ra d • T h e  e x p o n e n tia l de cay  o f A u g e r recom ­
b in a tio n  in  these  dev ices w ith  p ressu re  (w here C H S H  A u g e r is  supp ressed ) is  e s tim a te d  fro m  th e  
decrease in  I non- r a d  fro m  am b ien t p ressu re  to  a b o u t 6 k b a r. T h is  w as a c tu a lly  c a lcu la te d  fro m  a  
ln -p lo t o f th e  2.37 pm  d a ta  show n  in  F ig u r e  5.2, as a g ood  f it  to  a  rea son ab le  n um b er o f d a ta  p o in ts  
w as po ss ib le . T h e  ra te  o f decrease o f A u g e r re co m b in a tio n  w ith  p ressu re  is  th e n  ca lcu la te d  accross 
th e  e n tire  p ressu re  range  u s in g  E Q N .(5.1)
I  Aug =  I o e x p ( - a P )  (5.1)
w here  lo  is  th e  cu rre n t due to  A u g e r a t am b ien t p ressu re , — a  is  d e te rm in e d  fro m  th e  m easured  
decrease in  I no n -ra d  as d e scrib ed  above an d  P  is  th e  a p p lie d  p ressu re .
T h e  in crea se  in  in d ire c t leakage w ith  p ressu re  is  ca lc u la te d  fro m  E Q N .(5.2) be low :
Ileak =  Ioexp (5-2)
where dEa/dP is the change in the T-L splitting energy with pressure. Here, the value for dEa/dP
is  taken  to  b e  -5 m e V /k b a r, w h ich  is  ta ken  fro m  th e  m easured  s h ift in  la s in g  en e rgy  w ith  p ressu re  o f 
a b o u t 10.5 m e V /k b a r [91], an d  an  e x p e rim e n ta l v a lu e  fo r th e  p ressu re  dependen ce  o f th e  b an d  gap 
a t th e  L -p o in t fo r G a S b  o f 5.5 m e V /k b a r, m easured  b y  N o a ck  et al [81]. T h e  re la tiv e  c o n tr ib u tio n s  
fro m  A u g e r an d  leakage cu rre n t w ere v a rie d  to  get th e  o p tim u m  f it  to  th e  e x p e rim e n ta l d a ta .
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F igure 5 .7 : Fit to experimental data of Adamiec et al [91]. The fit assumes 3.3% of 
the threshold current at ambient pressure is due to indirect carrier leakage and 96.7% 
is due to Auger recombination. The CHSH Auger process is assumed to be suppressed 
throughout the range.
FIGURE 5.7, show s th a t fo r a  sm a ll c o n tr ib u tio n  o f 3.3 % leakage a t a tm o sp h e ric  p ressu re , a good  
f it  to  th e  e x p e rim e n ta l d a ta  can  be  ach ieved . T h is  re su lt suggests th a t th e  a lte rn a tiv e  e x p la n a tio n , 
w h ich  does n o t in vo lv e  any  in tro d u c t io n  o f C H S H  A u g e r re co m b in a tio n , is  c e rta in ly  p o ss ib le  i f  su ch  
a leakage p a th  ex ists . A s  o u tlin e d  in  Sectio n  4.2, a p p ro x im a tio n s  o f th e  low est Tq^ -L  s p lit t in g  
energy  show  th a t th e  s p lit t in g  be tw een  th e  T Q w -p o in t o f th e  Q W  an d  th e  L -p o in t o f th e  b a rr ie r
la ye rs is  in  th e  reg ion  o f 360 m eV . W h ile  th e re  is  u n ce rta in ty  in  th is  va lue , s in ce  th e  L -p o in t energy  
is  d e te rm in ed  fo r b u lk , u n s tra in e d  m a te ria l, an d  b e a rin g  in  m in d  th a t th e  L -m in im a  have a  h ig h  
d e n s ity  o f sta tes, it  w o u ld  seem  th a t th e  u n ce rta in ty  in  th is  va lu e  w o u ld  need to  b e  v e ry  la rg e  in d eed  
to  m ake th is  e x p la n a tio n  p lau sab le .
T h e  sm a lle st in d ire c t energy  se p a ra tio n s  in  th e  2.11 p m  devices, o c cu r be tw een  th e  T Q ^ -p o in t in  th e  
Q W  an d  th e  L -p o in ts  in  th e  Q W  an d  b a rr ie r layers. W e  e stim a te  th e  Tqw-Pqw  s p lit t in g  to  b e  ~ 260 
m e V  and  th e  T Qw~I>barrier s p lit t in g  to  be  a p p ro x im a te ly  320 m e V  in  th e  2.11 p m  dev ices [69]. 2.11 
p m  co rre sp on d s to  a b o u t 6 k b a r on  th e  p lo t o f F ig u r e  5.7, w here  th e  p ro p o rtio n  o f leakage cu rre n t 
is  e s tim a ted  to  be  a b o u t 16 %. A g a in , th e re  w o u ld  need to  b e  a  su b s ta n tia l u n c e rta in ly  in  th is  260 
m e V  a p p ro x im a tio n  fo r th e  T q w - P q w  s p lit t in g  to  suggest th a t 16 % o f th e  th re sh o ld  cu rre n t is  lo s t 
th rou g h  leakage.
5.4 Conclusions
In  sum m ary, it  w as fo u n d , th ro u g h  th e  use o f spon tan eou s em iss ion  a n a ly s is , th a t th e  th re sh o ld  
cu rre n t o f b o th  th e  2.11 p m  an d  2.37 p m  la se rs is  d o m in a te d  b y  A u g e r re co m b in a tio n . T h e  h ig h  
p ressu re  re su lts  show  th a t d iffe re n t ty p e s  o f A u g e r processes d o m in a te  th e  th re sh o ld  cu rre n t o f th e  
tw o dev ices. In  th e  2.37 p m  d ev ice  th e  th re sh o ld  cu rre n t decreases w ith  p ressu re , w h ich  is  co n s is ten t 
w ith  A u g e r re co m b in a tio n  b e in g  th e  p r im a ry  cu rre n t p a th  a t th re sh o ld . H ow ever, a t h ig h e r pressu res, 
th e  C H S H  A u g e r re co m b in a tio n  p rocess (w h ich  is  supp ressed  a t am b ien t p ressu re  as A so > Ea) is  
a llow ed  and  causes an  in crea se  in  th e  th re sh o ld  cu rre n t. In  th e  2.18 p m  an d  2.11 p m  dev ices, w here  
Eg is  la rg e r, it  seem s th a t th e  C H S H  A u g e r p ro cess is  a llow ed  a t a tm o sp h e ric  p ressu re  an d  in creases 
in  s ig n ifica n ce  as p ressu re  is  a p p lie d  an d  Eg =>■ A so. I t  is  e v id en t fro m  Fig ure  5.5 th a t th e re  is  an  
energy  reg im e fo r w h ich  th e  C H C C  o r C H L H  processes have been  m in im ise d  an d  th e  C H S H  process 
is  suppressed . T h e  energy  a t w h ich  th is  o ccu rs  w ill d ep en d  on  th e  va lu e  o f A so-E 5 . F o r these  dev ices 
th e  m in im u m  o ccu rs  in  th e  £'/ose-b a n d  o f 570-610 m eV . I t  w o u ld  ap p ea r th a t p re c ise  en g in e e rin g  o f 
th e  s tra in  an d  co m p o s itio n  o f la se rs a t these  w ave leng ths, c o u ld  keep th em  in  th is  ‘m in im a l-A u g e r 
re g io n ’ and  h e lp  m ax im ise  d ev ice  p e rfo rm ance . T h e  e ffe ct o f s tra in  on  th e  A u g e r m echan ism  in  th e  
d iffe re n t dev ices w ill a lso  be  im p o rta n t. T h e  h ig h e r s tra in  in  th e  2.18 p m  la se rs m ay h e lp  to  redu ce  
A u g e r re co m b in a tio n  in  th is  dev ice , m a k in g  it  less sen s itiv e  to  p ressu re  th a n  th e  2.11 p m  la ser.
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C h a p t e r  6
O r i g i n s  o f  t e m p e r a t u r e  s e n s i t i v i t y  i n  
“ W ”  d i o d e  l a s e r s
6.1 Introduction
In  th e  3.2 - 3.8 pm s p e c tra l range, ty p e -II “W ” s tru c tu re  la se rs d is p la y  v e ry  g o o d  p e rfo rm a n ce  in  
co m p a riso n  to  co m p e tin g  te chn o log ie s. H ow ever, th e  re a lis a tio n  o f e le c tr ic a lly -p u m p e d  la se rs o p e ra t­
in g  in  C W  m ode  a t R T  in  th is  s p e c tra l re g io n  has p roven  ch a lle n g in g . A s  d iscu ssed  in  Sectio n  1.4, 
C W  la s in g  has o n ly  been  a ch ieved  u p  to  a  te m p e ra tu re  o f 257 K  w ith in  th is  m a te r ia l system . T h e  
o b je c tiv e  o f th e  w o rk  p resen ted  in  th is  ch a p te r is  to  id e n t ify  th e  p r im a ry  m echan ism  re sp o n s ib le  fo r 
in h ib it in g  C W  o p e ra tio n  a t R T . I t  h as p re v io u s ly  been  sp e cu la te d  th a t d e fe c t-re la te d  (S R H ) re co m b i­
n a tio n  w as th e  d o m in a n t re co m b in a tio n  m echan ism  a t 78 K  in  s im ila r  o p t ic a lly  p u m p e d  d ev ice s [55]. 
H ow ever, it  is  u n c le a r fro m  th e  a v a ila b le  lite ra tu re  w h a t th e  p r im a ry  cau se  o f p e rfo rm a n ce  deg rad a ­
t io n  a t h ig h e r te m p e ra tu re  is  a n d  th e  a im  o f th is  s tu d y  is  to  in v e s tig a te  th is . I t  is  a lso  suggested  th a t 
su p ress io n  o f A u g e r re co m b in a tio n  has been  a ch ieved  th ro u g h  th e  use o f th is  s tru c tu re . H ow ever, th e  
ex te n t o f th is  su p p re ss io n  needs to  b e  assessed an d  co n s id e re d  in  re la tio n  to  th e  in h e re n t re d u c tio n  in  
th e  ra d ia tiv e  re co m b in a tio n  ra te  w h ich  is  u n a v o id a b le  in  a  ty p e -II s tru c tu re . M o s t M IR -sy s te m s  need  
som e fo rm  o f A u g e r su p p re ss io n  due  to  th e ir  n a rro w  b a n d  gaps b u t th is  m ay  o n ly  b e  a s ta rt-p o in t, 
re d u c in g  A u g e r re co m b in a tio n  to  a p o in t w h e re  lo w  te m p e ra tu re  la s in g  is  p o ss ib le . S p on taneou s 
em iss io n  a n a ly s is  a n d  h y d ro s ta tic  p re ssu re  te ch n iq u e s  have been  used h ere  to  id e n tify  an d  exam in e
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th e  im p o rta n t loss m echan ism s in v o lv e d  in  th e  o p e ra tio n  o f these  lasers.
S pon taneou s em iss ion  exp e rim en ts  w ere ca rr ie d  o u t be tw een  80 K  an d  200 K , u s in g  th e  te ch n iq u e  
o u tlin e d  in  S e c t i o n  3.2. T h e  spon tan eou s em iss io n  lig h t-c u rre n t (L -I) c h a ra c te r is tic  cu rves w ill b e  
p resen ted  an d  an a ly sed  in  o rd e r to  d e te rm in e  th e  s ig n ific a n ce  o f th e  ra d ia tiv e  an d  n o n -ra d ia tiv e  p ro ­
cesses over th e  te m p e ra tu re  range. R e su lts  fro m  h y d ro s ta tic  p ressu re  m easurem ents, w he re  p ressu re  
w as used to  exam ine  th e  b a n d  gap  d ep en d en t p rocesses, w ill b e  show n  an d  u sed  in  c o n ju n c tio n  w ith  
th e  spon tan eou s em iss ion  a n a ly s is  to  b u ild  a  c le a re r p ic tu re  o f th e  ra d ia tiv e  an d  n o n -ra d ia tiv e  p ro ­
cesses in vo lv e d  in  d e v ice  o p e ra tio n . T h e  h e liu m  gas p re ssu re  system  d e scrib ed  in  S EC TIO N  3.3 w as 
used to  p e rfo rm  these  m easurem ents.
6.2 Device Structure
T h e  la se rs w ere g row n  b y  m o le cu la r beam  e p ita x y  o n  G a S b  su b s tra te s  b y  o u r c o lla b o ra to rs  a t th e  
N a v a l R esea rch  L a b o ra to ry , W a sh in g to n  D .G ., U .S .A . T h e y  co n ta in  5 “W ” p e rio d s , each  co m p ris in g  
a  G a (In )S b  (30 A )  h o le  Q W  su rro u n d e d  b y  tw o  In A s  (21.2 A )  e le c tro n  Q W s , a ll en c lo sed  be tw een  
A lG a S b  (40 A )  b a rr ie r layers. A  sch em a tic  o f th e  a c tiv e  reg io n  is  show n  in  F IG U R E  6.1. T h e  em iss ion  
w ave leng th  o f these  dev ices is  3.24 pm a t 78 K . L a se rs  w ith  a  100 pni-w id e  co n ta c t s tr ip e , u n co a te d  
fa ce ts  an d  a  c a v ity  le n g th  o f 1.23 m m  w ere m easured .
A s  d e ta ile d  in  S e c t io n  1.3, g ro w in g  ty p e -I a n tim on id e -b a sed  la se rs fo r em iss ion  a t A >  3 pm is  
n o t easy, as it  is  d iff ic u lt  to  ach ieve  su ffic ie n t ca rr ie r  con fin em en t w h ile  m a in ta in in g  a  rea son ab le  
le ve l o f s tra in . M o v in g  to  a  ty p e -II s tru c tu re  can  o ffe r b e n e fits  su ch  as g ood  c a rr ie r  con fin em en t 
and  th e  o p p o rtu n ity  to  redu ce  th e  s ig n ific a n ce  o f th e  n o n -ra d ia tiv e  A u g e r p rocess, as d e sc rib ed  in  
S e c t io n  1.4. T h e  s tru c tu re  in  F ig u r e  6.1 o ffe rs seve ra l d is t in c t  advan tages over m ore  co n ve n tio n a l 
ty p e -II design s b u t th e  im p o rta n t issu e  is  w h e th e r these  advan tages a re  su ffic ie n t in  co m p a riso n  to  
th e  re d u c tio n  in  th e  ra d ia tiv e  re co m b in a tio n  co e ffic ie n t, B , w h ich  is  a sso c ia ted  w ith  u s in g  a  ty p e -II 
design . H e re , w e h ope  to  assess th e  e ffectiveness o f th ese  advan tages th ro u g h  use o f h ig h  p ressu re  
an d  spon tan eou s em iss ion  an a ly s is .
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F ig u re  6.1: Schematic band alignment diagram of the active region of a W-laser with 
3 W-periods, where electrons in the InAs QWs recombine with holes in the GalnSb QWs.
6.3 Spontaneous Emission Analysis
A lth o u g h  th e  e x p e rim e n ta l te ch n iq u e  is  s im ila r  to  th a t used  fo r th e  re su lts  d e sc rib e d  in  S e c t io n  4.2, 
th e  a p p ro a ch  to  th e  a n a ly s is  o f re su lts  here w ill be  s lig h t ly  d iffe re n t. In  these  la se rs, th e  d e v ice  design  
m eans th a t th e  b a n d  s tru c tu re  is  m ore  co m p lica te d  th a n  a  s im p le  ty p e -I s tru c tu re  an d  hence a  m ore 
ca u tio u s  a p p ro a ch  to  th e  in te rp re ta tio n  o f e x p e rim e n ta l re su lts  is  needed. A s  th e  b an d  a lig n m en t o f 
these  dev ice s is  ty p e -II, th e  a ssu m p tio n  m ade in  E Q N .(2.8) th a t th e  th ree  m a in  n o n -ra d ia tiv e  recom ­
b in a tio n  p a th s  o f S R H , ra d ia tiv e  an d  A u g e r re co m b in a tio n  are  n-, n 2- an d  n 3-d ep end en t re sp e ctiv e ly , 
is  n o t as sa fe as fo r ty p e -I s tru c tu re s . T h e re fo re , a m ore  s im p le  ap p ro a ch  w ill be  taken , re la tin g  to  th e  
sh ape  o f th e  m easured  Lse — I  cu rve . F o r th e  case o f ra d ia tiv e  d o m in an ce  Lse oc / , even i f  I  oc n 2 
is  n o t a sa fe a ssu m p tio n . I f  S R H  re co m b in a tio n  is  p resen t, it  w ill be  obse rved  as a  su p e r- lin e a r ity  in  
th e  Lse — I  cu rv e  a t lo w  cu rre n t, s in ce  S R H  re co m b in a tio n  w ill a lw ays have a  low er n -depen den ce  
th a n  th e  ra d ia tiv e  cu rre n t an d  as n is  in crea sed  th e  ra t io  o f ra d ia tiv e  to  S R H  cu rre n t w ill in crease . 
C onve rse ly , i f  a  p rocess w ith  a  h ig h e r n -d ep en d en ce  th a n  ra d ia tiv e  re co m b in a tio n  com es in to  p lay , a 
su b - lin e a r ity  in  th e  Lse — I  cu rv e  w ill be  obse rved . F o r A u g e r re co m b in a tio n , w h ich  can  be  assum ed 
to  have a  h ig h e r n -depen den ce  th a n  th e  ra d ia tiv e  cu rre n t, th e  ra tio  Irad/ 1 Aug w ill decrease as th e  
cu rre n t (and  hence n) is  in creased . A d d re s s in g  th e  in te rp re ta tio n  in  th is  way, assum es th a t som e
re co m b in a tio n  p ro cess have a  w eaker dependen ce  on  n th a n  ra d ia tiv e  re co m b in a tio n  an d  o th e rs  have 
a  s tro n g e r n -depen dence  b u t does n o t assum e an y  e xa c t n -dependence .
A n  exam p le  o f a  sp on tan eou s em iss ion  versus cu rre n t cu rv e  a t 80 K  is  sh ow n  in  F ig u r e  6 .2(a). T h e  
lin e a r se ctio n  o f th e  Lse — I  cu rve  in d ic a te s  th a t over th is  range, th e  in je c te d  cu rre n t is  d o m in a te d  
by  ra d ia tiv e  re co m b in a tio n . A b o v e  50 m A , a  s tro n g ly  su b -lin e a r v a r ia tio n  is  observed , in d ic a t in g  th e  
p resence o f a n o n -ra d ia tiv e  cu rre n t p a th  w ith  a  s tro n g e r c a rr ie r  d e n s ity  d ependen ce  th a n  th e  ra d ia tiv e  
cu rre n t. T h is  is  a ttr ib u ta b le  to  A u g e r re co m b in a tio n , w h ich  is  k n o w n  to  b e  th e  p r im a ry  cause o f 
p e rfo rm a n ce  d e g ra d a tio n  in  m id - in fra re d  la se rs a t h ig h e r te m p e ra tu re s  [8]. T h a t  th is  su b - lin e a rity  
o f th e  L - I  cu rv e  becom es m ore  severe w ith  in c re a s in g  te m p e ra tu re , as sh ow n  in  F ig u r e  6 .2 (b), is  
a lso  co n s is te n t w ith  A u g e r re co m b in a tio n . O n ce  aga in , p in n in g  o f th e  Lse — I  cu rv e  is  n o t observed  
in  these lasers. S p e c tra l a n a ly s is  show ed th a t th e re  w as n o  c o lle c tio n  o f A S E , w h ich  su p p o rts  th e  
v a lid ity  o f these Je su its .
F ro m  F ig u r e  6.2(a), b y  e x tra p o la tin g  th e  lin e a r reg ion  o f th e  Lse — I  c h a ra c te r is tic  to  th e  th re sh o ld  
cu rre n t {Ith) an d  k n o w in g  th a t w hen  ra d ia tiv e  re co m b in a tio n  d o m in a te s  Lse oc I  a lw ays, w e can  e s ti­
m ate  th e  re la tiv e  c o n tr ib u tio n s  o f th e  ra d ia tiv e  and  n o n -ra d ia tiv e  cu rre n t p a th s  a t lo w  tem p e ra tu re . 
T h e n , s in ce  th e  in te g ra te d  spon tan eou s em iss ion  a t th re sh o ld , Lth,is p ro p o rtio n a l to  th e  ra d ia tiv e  
cu rre n t a t th re sh o ld , Irad, b y  m easu rin g  th e  v a r ia tio n  o f Lth w ith  te m p e ra tu re , th e  te m p e ra tu re  
dependence  o f Irad an d  hence th e  n o n -ra d ia tiv e  cu rre n t, Inon-rad> can  be  d e te rm in e d  as show n  in  
F ig u r e  6.3. So, in  sh o rt F ig u r e  6.3 is  gene ra ted  b y  d e te rm in in g  Irad a t 80 K  u s in g  th e  g ra p h i­
c a l m e thod  in  F ig u r e  6.2(a) an d  th en  th e  p ro p o rtio n a l change in  Lth (oc Irad) over th e  m easured  
te m p e ra tu re  range  is  used  to  d e te rm in e  th e  te m p e ra tu re  dependen ce  o f Irad- T h e  g ra p h ic a l m e thod  
show n  in  F ig u r e  6.2(a) w as o n ly  used q u a n t ita tiv e ly  a t 80 K , as th e re  is  a rea son ab le  lin e a r se c tio n  
to  w h ich  a  s tra ig h t lin e  co u ld  be  fitte d . T h e  ITad /  Inon-rad p ro p o rtio n s  show n  g ra p h ic a lly  in  F ig u r e  
6.2(b) a t 140 K  are o n ly  to  a id  v is u a l co m p a riso n  w ith  th e  80 K  Lse — I  cu rve .
In  FIGURE 6.3, w e see th a t th e  n o n -ra d ia tiv e  com pon en t o f th e  th re sh o ld  cu rre n t in creases from  
a p p ro x im a te ly  32% a t 80 K , w here  Ith is  78 m A , to  87% a t 200 K , w he re  Ith is  1185 m A . So, in it ia l 
e x a m in a tio n  o f th e  sh ape  o f th e  Lse — I  cu rves show s a  su b -lin e a r d ependen ce  o f lig h t o n  cu rre n t 
a t h ig h  cu rre n t w h ich  is  su ggestive  o f an  im p o rta n t c o n tr ib u t io n  fro m  A u g e r re co m b in a tio n . T h e  
c o n tr ib u tio n  fro m  A u g e r re co m b in a tio n  is  e s tim a ted  to  b e  as m uch  as 32% a t a  lo w  te m p e ra tu re  o f
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F ig u re  6.2: Integrated spontaneous emission light (measured through a window in the 
substrate contact of the laser) versus current curves. The red line indicates the threshold 
current of the device, measured from the facet emission at the same time.(a) The Lae-1 
curve at 80 K where we estimate the radiative and non-radiative contributions to the 
threshold current by the graphical method described in the main text and (b) at 140 K 
where the sub-linear section has clearly increased in significance, indicating that a strongly 
temperature dependent non-radiative recombination process is becoming important.
80 K  and  up  to  87% a t 200 K . T h e se  re su lts  are  an  in it ia l in d ic a t io n  th a t, a lth o u g h  som e A u g e r 
su pp ress ion  is  ach ieved  th ro u g h  th e  use o f a ty p e -II b an d  a lig n m en t, A u g e r re co m b in a tio n  is  s t ill 
ve ry  s ig n ific a n t in  these dev ices and  m ay be  th e  p r im a ry  reason  fo r th e  h ig h  te m p e ra tu re  s e n s itiv ity  
and  low  m ax im um  o p e ra tin g  tem p e ra tu re .
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F ig u re  6.3: Radiative (circles) and non-radiative (triangles) contributions to the thresh­
old current (squares). The radiative current, Irad, is deduced from F ig u re  6.2(a) for 80
K. Then the proportional change in Lth is used to estimate the change in Irad and hence 
the non-radiative current, Inon-rad, over the measured temperature range.
A n o th e r n o ta b le  p o in t re g a rd in g  these re su lts  is  th a t th e re  is  no  ev id en ce  o f s ig n ific a n t S R H  cu rren t. 
S R H  re co m b in a tio n  h ad  been  su sp ected  to  govern  th e  la s in g  th re sh o ld  in  s im ila r ly  s tru c tu re d  o p t i­
c a lly  pum ped  W -la se rs  [55] an d  th e  p h o to lu m in e scen ce  ( P L )  re su lts  o f ref. [45] show  th a t it  c o u ld  be
im p o rta n t in  these e le c tr ic a lly  p u m ped  dev ices. T h e  fa c t th a t th e re  is  n o  ev id en ce  o f S R H  re com b i­
n a tio n  in  th e  Lse — I  cu rves, suggests th a t th e  m a te ria l an d  la ye r in te rfa ce  q u a lity  is  g ood  w h ich  is 
en cou rag in g  fo r th is  g ro w th  techno logy .
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6 .3 .1  P in n in g  o f  t h e  s p o n t a n e o u s  e m is s io n  a b o v e  t h r e s h o ld
A s  m en tio n ed  in  th e  p re v io u s  se ctio n , co m p le te  p in n in g  o f th e  sp on tan eou s em iss io n  Lse — I  cu rv e  
above th re sh o ld  w as n o t obse rved  in  th ese  dev ices F ig u r e  6 .2 . A s  e x p la in e d  in  SECTION 3 .2 , non ­
p in n in g  can  b e  due to  a  n um b er o f fa c to rs  su ch  as in h o m o g en e itie s  in  th e  m a te ria l, cu rre n t sp re a d in g  
o r th e  u n in te n tio n a l c o lle c tio n  o f sca tte re d  la s in g  lig h t. S p e c tra l a n a ly s is  w as ca rr ie d  o u t in  o rd e r 
to  check  fo r ev id en ce  o f A S E  co lle c te d  b e lo w  th re sh o ld  an d  exam ine  th e  o r ig in  o f th e  n o n -p in n in g . 
F ig u r e  6 .4  show s tw o  sp e c tra , one b e lo w  th re sh o ld  a n d  one above th re sh o ld . T h e  above th re sh o ld  
sp e c tru m  show s a  n a rro w  la s in g  p e a k  w ith in  th e  sp on tan eou s em iss ion  sp e c tru m  w h ich  in d ic a te s  th a t 
som e sca tte re d  la s in g  lig h t is  co lle c te d  above th re sh o ld . T h e  fa c t th a t th e  la s in g  p e ak  app ea rs ~ 30 
n m  fro m  th e  spon tan eou s em iss ion  p e a k  an d  th a t th e re  is  n o  ob se rvab le  n a rro w in g  o f th e  sp on tan eou s 
em iss io n  sp e c tru m  above th re sh o ld , suggests th a t th e re  is  no  A S E  co lle c te d  b e lo w  th re sh o ld .
Id e a lly  to  in v e s tig a te  th e  o r ig in  o f th e  n o n -p in n in g  o f th e  Lse — I  cu rve , one w o u ld  c a rry  o u t s p e c tra l 
a n a ly s is  a t seve ra l d iffe re n t d r iv e  cu rre n ts  an d  in te g ra te  th e  sp e c tra  to  com pa re  w ith  th e  de te cto r- 
o n ly  Lse — I  cu rve . U n fo rtu n a te ly , th is  w as n o t p o ss ib le  as s ig n a l s tre n g th s  w ere  v e ry  w eak  an d  each 
sp e c tru m  to o k  m an y  h o u rs  to  m easu re  b u t it  is  s t i ll w o rth w h ile  to  d iscu ss  th is  in  re la tio n  to  th e  
Lse — I  cu rves in  F ig u r e  6.2. A lth o u g h  a  la s in g  p e a k  is  obse rved  in  th e  above th re sh o ld  spon tan eou s 
em iss ion  sp e ctru m , th e  obse rved  n o n -p in n in g  o f th e  spon tan eou s em iss ion  above th re sh o ld  ca n n o t 
be  e n tire ly  a ttr ib u te d  to  sca tte re d  la s in g  em iss io n  b y  th is  an a ly s is . In  fa c t, th e  la ck  o f a s ig n ific a n t 
change o f s lo p e  in  th e  Lse —I  cu rves a t th re sh o ld  in  F ig u r e  6 .2  is  ev id en ce  th a t n o n -p in n in g  m ay  n o t 
b e  so le ly  as a re su lt o f sca tte re d  la s in g  em iss ion . T h e  ap p a re n t c o n tin u a tio n  o f th e  m easured  lig h t 
o u tp u t above th re sh o ld  w ith  th e  sam e cu rv a tu re  is  m ore  co n s is ten t w ith  in h o m o g en e itie s  in  th e  Q W s  
o r uneven  p u m p in g  o f a ll fiv e  “W ” p e rio d s . U n even  p u m p in g  o f ho les a cross a ll “W ” p e rio d s  has been  
in v e s tig a te d  an d  it  w as co n c lu d e d  th a t th is  is  n o  lo n g e r a  p ro b lem  w ith  th e  cu rre n t s tru c tu re , w he re  
th e  con fin em en t energ ies o f v a len ce  su b b a n d s  a re  eng inee red  to  p ro v id e  e ffic ie n t in te r-w e ll tra n s p o rt 
v ia  lig h t h o le  sta te s [48]. H ow ever, g ro w th  o f th e  S b -based  m a te ria ls  is  n o t as advan ced  as o th e r 
m ore  co m m e rc ia lly  d riv e n  system s a n d  th e  “W ” la se rs  have q u ite  a  co m p le x  s tru c tu re  w ith  v e ry  th in  
Q W  laye rs. T h is  w o u ld  suggest th a t in h om ogeneou s m a te r ia l g ro w th  o r la ye r th ickn e ss  co u ld  b e  an  
issu e  in  th ese  dev ices. T h e  re la tiv e ly  b ro a d  lin e w id th s  m easu red  fro m  “W ” la se rs  w o u ld  s u p p o rt th is  
su ggestion  [45,54].
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F igure 6 .4 : (a) Spectrum of the spontaneous emission collected from a w-laser below 
threshold and (b) the spectrum above threshold showing a narrow lasing peak indicating 
that scattered lasing light is being collected above threshold. Spectra were measured at 
160 K.
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6.4 Hydrostatic Pressure Dependence
In  C h a p t e r  5, th e  a p p lic a t io n  o f h ig h  p ressu re  to  ty p e -I I I I -V  M I R  la se rs w as p resen ted  w here  
p ressu re  causes an  in crease  in  th e  fu n d a m e n ta l b a n d  gap , Eg. In  these ty p e -II s tru c tu re s , an  in crease  
in  Eg o f b o th  th e  In  A s  e le c tro n  co n fin in g  la ye r an d  th e  G a (In )S b  h o le  c o n fin in g  la ye r w ill re su lt in  
an  o v e ra ll in crease  in  th e  e ffe c tiv e  ty p e -II b a n d  gap  an d  th e  la se r em iss ion  energy, Eiase. T h e re fo re , 
h ig h  p ressu re  can  be  used in  a s im ilia r  w ay to  exam in e  b a n d  gap  depen den t processes, a lth o u g h  th e re  
m ay be  som e a d d it io n l co n s id e ra tio n s  to  take  in to  a ccou n t. T h e  p ressu re  dependen ce  o f th re sh o ld  
cu rre n t an d  th e  la s in g  w ave leng th  w ere m easured  a t low  te m p e ra tu re  u s in g  th e  h e liu m  h ig h  p ressu re  
system  d iscu ssed  in  S e c t io n  3.3. T h e  m easured  w ave leng th  s h ift w ith  p ressu re  o f these dev ices, as 
show n  in  F ig u r e  6.5, y ie ld e d  a  p ressu re  co e ffic ie n t o f Eiase o f 8.7 m e V /k b a r, w h ich  is  in  e x ce lle n t 
agreem ent w ith  th e  re su lts  o f an  8 -band  k-p  c a lc u la t io n  ca rr ie d  o u t b y  o u r c o lla b o ra to rs  a t th e  N a v a l 
R esea rch  L a b o ra to ry  in  th e  U S .
Pressure (kbar)
F ig u re  6.5: Pressure dependence of the wavelength of the devices measured experi­
mentally (circles) and calculated theoretically (line).
F ig u r e  6.6 show s th e  p ressu re  dependen ce  o f th e  th re sh o ld  cu rre n t, Ith, a t a  te m p e ra tu re  o f 138 K . 
I n it ia lly  a  decrease in  th re sh o ld  cu rre n t w ith  p ressu re  is  observed . In  genera l, an  in crease  in  b an d  
gap  (pressure) w ill cause a  decrease o f th e  A u g e r co e ffic ie n t C  a n d  hence in  a  d e v ice  d o m in a te d  b y  
A u g e r re co m b in a tio n , a  re d u c tio n  in  th e  th re sh o ld  cu rre n t w ill u s u a lly  b e  observed  as p ressu re  is  
in creased . D ev ice s d o m in a te d  b y  ra d ia tiv e  re co m b in a tio n  w o u ld  b e  exp e cted  to  show  an  in crea se  in  
Ith w ith  p ressu re  (b and  gap ), w h ich  is  show n  e x p e rim e n ta lly  fo r I I I - V  la se rs  in  re f. [92]. H ow ever, 
th e  change in  o p tic a l con fin em en t fa c to r, F , w ith  p ressu re  w ill cause th e  ra te  o f in crease  o f Irad to  be 
redu ced , due to  th e  400 n m  change in  A over th e  p ressu re  range. O n  th e  o th e r h an d , th e  ra d ia tiv e  
cu rre n t w ill a lso  b e  in flu e n ce d  b y  a decrease in  th e  o ve rla p  o f th e  e le c tro n  an d  h o le  w ave fu n ctio n s , 
s in ce  th e  G a (In )S b  h o le  w e ll has a  la rg e r p ressu re  co e ffic ie n t (~  14.5 m e V /k b a r [81]) th a n  th e  In A s  
10 m e V /k b a r [93]) e le c tro n  w e lls . T h is  w ill cause an  in crea se  in  th e  b a rr ie r  h e ig h t fo r e le c tron s  
in  th e  In A s  Q W s  w ith  pressu re . In  any  case, it  is  d iff ic u lt  to  p re d ic t th e  p ressu re  dependen ce  o f 
th e  ra d ia tiv e  cu rre n t w ith o u t d e ta ile d  c a lc u la t io n s  b u t it  is  u n lik e ly  to  b e  th e  sou rce  o f th e  obse rved  
decrease in  Ith w ith  p ressu re.
T h e  decrease in  Ith w ith  p ressu re  an d  th e  s u b lin e a r ity  in  th e  Lse — I  cu rves ap p ea r to  co rre la te  an d  
in d ic a te  th a t A u g e r re co m b in a tio n  is  th e  im p o rta n t n o n -ra d ia tiv e  p rocess a t th re sh o ld . H ow ever, th e  
d iffe re n t ty p e  o f A u g e r p rocesses p o ss ib le  in  th e  “W ” s tru c tu re s  need  to  b e  con sid e red . A n  A u g e r 
p rocess in v o lv in g  re co m b in a tio n  o f a  co n d u c tio n  b a n d  e le c tro n  an d  a va len ce  b a n d  ho le , fo llo w ed  b y  
e x c ita tio n  o f a n o th e r co n d u c tio n  b a n d  e le c tro n  h ig h e r in to  th e  co n d u c tio n  b a n d  w o u ld  b e  redu ced  
w ith  in c re a s in g  b a n d  gap  (pressure) b u t h o le -e x c itin g  A u g e r processes in  th e  “W ” s tru c tu re  are a 
lit t le  m ore co m p lica te d . H o le -e x c itin g  A u g e r processes in  th is  s tru c tu re , in v o lv e  th e  energy  fro m  th e  
re co m b in a tio n  o f a  co n d u c tio n  b a n d  e le c tro n  an d  a  va len ce  b a n d  h o le  b e in g  used to  e x c ite  an o th e r 
va len ce  b an d  h o le  deepe r in to  th e  va len ce  ban d . F ro m  F ig u r e  6 .1  it  can  be  seen th a t th e re  are 
m any  va len ce  b a n d  su b -leve ls c lose  toge th e r. E n e rg y  sep a ra tio n s  be tw een  these  su b b an d s co u ld  
e a s ily  becom e re son an t w ith  th e  b a n d  gap , p ro m o tin g  a h o le -e x c itin g  A u g e r p rocess. T h e  p ressu re  
dependen ce  o f these  h o le -e x e itin g  A u g e r processes w ill d ep en d  on  w h e th e r th e  p ro cess is  a p p ro a ch in g  
o r m ove aw ay fro m  resonance. A d d it io n a lly , th is  com p lex  va lence  su b -b a n d  s tru c tu re  co u ld  cause 
I V B A  [70] processes to  m ove in  an d  o u t o f resonance w ith  pressu re . A n y  in crea se  in  lo ss in creases 
the  th re sh o ld  ca rr ie r  co n ce n tra tio n  an d  hence can  in crea se  Ith- T h is  in crea se  in  th re sh o ld  ca rr ie r 
co n ce n tra tio n  w ill a lso  co u p le  s tro n g ly  to  A u g e r re co m b in a tio n  (oc n3h) le a d in g  to  a  fu rth e r  in crease
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in  Ith [72].
T h e  in crea se  in  Ith a t p ressu res above 4 k b a r c o u ld  b e  re la te d  to  I V B A  a n d /o r h o le -e x c itin g  A u g e r 
processes, as a re su lt o f th e  co m p lex  n a tu re  o f th e  va len ce  subban ds. H ow ever, it  is  d iff ic u lt  to  d raw  
firm  co n c lu s io n s  a b o u t th e  obse rved  in crea se  a t h ig h e r pressu res.
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F ig u re  6.6: Pressure dependence of the threshold current, which indicates the dom­
inant loss mechanism in these lasers. The average error, estimated from the repeated 
measurements (increasing and decreasing pressure), is about 1.1 mA and the maximum 
error is 4.2 mA
6.5 Conclusions
In  sum m ary, a  s tro n g  loss p rocess w h ich  in creases w ith  in c re a s in g  te m p e ra tu re  has been  obse rved  
an d  app ea rs to  be  th e  m a in  sou rce  o f te m p e ra tu re  s e n s it iv ity  in  these dev ices. T h e  su b -lin e a r n a tu re  
o f th e  sp on tan eou s em iss ion  Lse — I  cu rves is  c h a ra c te r is tic  o f A u g e r re co m b in a tio n . F u rth e r  ev id en ce  
fo r th e  im p o rta n ce  o f A u g e r re co m b in a tio n  can  be  seen in  th e  p ressu re  depen den ce  o f th e  th re sh o ld  
cu rre n t, w h ich  decreases fro m  a tm o sp h e ric  p ressu re . I t is  e s tim a ted  th a t as m uch  as 87% o f th e
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th re sh o ld  cu rre n t a t 200 K  is  du e  to  A u g e r re co m b in a tio n .' A ls o , I V B A  m ay c o n trib u te  to  th e  
tem p e ra tu re  dependence  b y  ra is in g  th e  th re sh o ld  c a rr ie r  d e n s ity  nth? hence  ra is in g  th e  th re sh o ld  
cu rre n t an d  th e  s ig n ific a n ce  o f A u g e r re co m b in a tio n  (oc n 3). U n d e rs ta n d in g  o f th e  co m p lex  va lence  
su b -b an d  s tru c tu re  an d  c o n tro llin g  o f th e  h o le  co n ce n tra tio n  are  key issues to  b e  add ressed  in  these  
devices.
T h e  observed  n o n -p in n in g  o f th e  Lse — I  cu rves c o u ld  b e  a  s ig n  o f inhom ogeneou s g ro w th  o f m a te­
r ia l/ la y e r  th ickn e ss  o r a  n o n -u n ifo rm  in je c tio n  issue. In  an y  case, it  in d ic a te s  th a t th ese  la se rs are 
n o t yet fu lly  o p tim ise d .
C h a p t e r  7
T h e s i s  r e v i e w  a n d  f u r t h e r  w o r k
7.1 Introduction
In  th is  ch ap te r, th e  m a te r ia l p resen ted  th ro u g h o u t th is  th e s is  w ill b e  rev iew ed  an d  th e  m a in  co n c lu ­
s io n s reached  w ill b e  d iscussed . A s  w e ll as p ro d u c in g  u se fu l s c ie n tific  re su lts , th e  w o rk  c a rr ie d  o u t 
d u r in g  th e  cou rse  o f th is  p ro je c t h a d  a  s tro n g  e x p e rim e n ta l deve lopm en t a spect. T h e  to o ls  a n d  te ch ­
n iq u es d eve lo p ed  w ill p rove  u se fu l to  fu tu re  resea rchers w o rk in g  on  M I R  se m ico n d u c to r d ev ice s a n d  
w ill b e  o u tlin e d  b r ie fly  here. F in a lly , th e  a u th o r ’s v iew s on  p o ss ib le  fu tu re  w o rk  to  com p lem en t th e  
w o rk  p resen ted  h ere  an d  advan ce  th e  deve lo pm en t o f M I R  sem ico n d u cto r la se rs  w ill b e  d iscussed .
7.2 Conclusions
P re se n te d  in  C h a p t e r  3 are d e ta ils  o f th e  d eve lopm en t o f e x p e rim e n ta l te ch n iq u e s  an d  eq u ip m en t 
d u r in g  th is  p ro je c t. T o  fa c ilita te  th e  a n a ly s is  o f th e  sp on tan eou s em iss ion  ch a ra c te r is tic s  o f M I R  d io d e  
la se rs, it  w as n ecessary  to  m ake c e rta in  m o d ific a t io n s  to  th e  e x is tin g  te ch n iq u e  d e sc rib e d  in  [74]. T o  
th e  a u th o r ’s know ledge  th is  te ch n iq u e , w he re  sp on tan eou s em iss ion  is  co lle c te d  fro m  a  w in d o w  in  
th e  su b s tra te  co n ta c t o f th e  la se r (to  a vo id  c o lle c tio n  o f a m p lifie d  sp on tan eou s em iss ion ), h a d  n o t 
been  a p p lie d  to  M I R  la se rs b e fo re  th is  w o rk . M u c h  deve lopm en t w as re q u ire d  to  in co rp o ra te  M I R  
com p on en ts an d  m an y  e x p e rim e n ta l ch a lleng es w ere overcom e.
T h e  m a in  a d a p ta tio n s  th a t w ere m ade  to  th e  a v a ila b le  e x p e rim e n ta l e q u ip m en t, fo r use a t M I R
101
CHAPTER 7. THESIS REVIEW AND FURTHER WORK 102
w ave leng ths, cen tred  a ro u n d  th e  g u id in g  o f spon taneou s em iss ion  fro m  th e  w in d o w  in  th e  la se r, o u t 
o f th e  c ry o sta t an d  to  a  d e te cto r. T h e  h ig h  a tte n u a tio n  o f s ilic a  fib re s  above 1.8 pm, m eant th a t 
these  fib re s  w ere n o t su ita b le  an d  ch a lcog en id e  o p tic a l fib re  (w h ich  has lo w  lo ss fro m  2-4 pm h a d  
to  be  em ployed . M a n y  d iffe re n t ad ju stm en ts w ere n ecessary  to  accom m oda te  th e  ch a lcog en id e  fib re . 
S in ce  s ig n a l s tre n g th s  w ere low , p a r t ly  due to  lo ss in  th e  fib re  an d  p o o r d e te c to r s e n s it iv ity  (^40% ) 
a t these w ave leng ths, re fin em en t o f th e  p o lis h in g  an d  in s ta lla t io n  te chn iq u es w as re q u ire d , in  o rd e r 
to  m ax im ise  th e  c o lle c tio n  e ffic ie n cy  o f th e  system . T h e  b r it t le  n a tu re  o f th e  ch a lcog en id e  fib re  an d  
th e  la ck  o f a  s u ita b ly  sm a ll fib re  d iam e te r m eant th a t th e  c ry o sta t m ou n t needed  to  b e  re -designed  
an d  p ro te c tiv e  m easures w ere a lso  re q u ire d  to  p reven t breakage.
A s  a  re su lt o f th is  w o rk , e x p e rim e n ta l a p p a ra tu s  has been  d eve loped  w h ich  can  b e  u sed  to  assess th e  
re co m b in a tio n  m echan ism s o f M I R  sem ico n d u cto r la se rs  th ro u g h  m easurem ent o f th e ir  spon taneou s 
em iss ion  ch a ra c te ris tic s  as a  fu n c t io n  o f cu rre n t an d  tem p e ra tu re . T h is  a p p a ra tu s  is  n ow  a v a ila b le  
fo r re g u la r use a t S u rre y  an d  can  be  re -co n s tru c te d  m ore  easily , o w in g  to  th e  le ssons le a rn e d  here. 
D eve lo p m en ta l w o rk  on  th e  gas h ig h  p ressu re  system  a t S u rre y  en ab led  m easurem ent o f dev ices a t 
low  te m p e ra tu re  an d  h ig h  p ressu re . A s  p a rt o f th is  p ro je c t, te m p e ra tu re  co n tro l w as in tro d u ce d  to  
th e  h ig h  p ressu re  ap p a ra tu s , w hereas p re v io u s ly  it  w as necessa ry  to  sp en d  m any  h ou rs co o lin g  to  th e  
m in im u m  te m p e ra tu re  b e fo re  b e g in n in g  a  p ressu re  exp e rim en t. T h is  is  p a r t ic u la r ly  u se fu l fo r  M I R  
m easurem ents, as m any  M I R  la se rs a re  a t an  e a r ly  stage o f d eve lopm en t an d  do -n o t o p e ra te  a t R T . 
M I R  m easurem ents a t h ig h  p ressu re  an d  lo w  te m p e ra tu re  a re  now  re a d ily  a ch ievab le  a t S u rre y  an d  
th e  a b ility  to  c a rry  o u t s ta b le  m easurem ents a t in te rm e d ia te  te m p e ra tu re s  be tw een  100 K  an d  R T  is  
p o ss ib le .
E q u ip p e d  w ith  these  e x p e rim e n ta l te chn iqu es, it  has been  p o ss ib le  to  c o lle c t som e v e ry  in te re s tin g  
an d  h e lp fu l re su lts  on  sem ico n d u cto r la se rs e m ittin g  in  th e  2-4 pm w ave leng th  reg ion . In  th e  2-3 
pm range typ e -I S b-based  la se rs w ere exam ined . A ro u n d  th e  m id -p o in t o f th is  range, 2.37 pm la se rs 
w ere s tu d ie d . T h e se  dev ices have p a r t ic u la r ly  lo w  th re sh o ld  cu rre n t d e n s itie s  o f ^  42 A c m " 2 b u t 
th e  p r im a ry  reason  fo r th is  w as u n c le a r. M easu rem en ts p resen ted  here, show ed th a t th e  a b o u t 80%  
o f th e  th re sh o ld  cu rre n t o f th e  2.37 pm la se rs a t R T  c o u ld  b e  a ttr ib u te d  to  A u g e r re co m b in a tio n . 
A lth o u g h  an  in te re s tin g  re su lt in  its e lf, th is  is  even m ore  s ig n ific a n t in  co m p a riso n  to  th e  m easured  
A u g e r p ro p o rtio n  in  1.5 pm  In G a A s (P )  dev ices [74], w he re  it  is  a lso  a p p ro x im a te ly  80% . T h e  2.37
pm d e v ice  w o u ld  b e  exp e cted  to  have a  m uch  h ig h e r c o n tr ib u tio n  fro m  A u g e r re co m b in a tio n , s in ce  
its  b a n d  gap  is  ^ 300  m e V  n a rrow e r th a n  th e  1.5 pm  d e v ice  an d  hence th e  M I R  d e v ice  m u st have 
s ig n ific a n t su p p re ss io n  o f th e  A u g e r re co m b in a tio n  m echan ism . In  fa c t, su p p re ss io n  o f th e  C H S H  
A u g e r p ro cess (show n  to  b e  m ost s ig n ific a n t in  th e  1.5 pm  dev ices [67]) ca n  b e  p in -p o in te d  as th e  
p r im a ry  reason  fo r th e  h ig h  p e rfo rm a n ce  o f th ese  dev ices, s in ce  th e  s p in -o rb it s p lit t in g  energy  is  
g rea te r th a n  th e  b a n d  gap  in  th is  m a te ria l. I t  w o u ld  seem  th a t th e  re m a in in g  A u g e r p rocesses, o f 
C H L H  an d  C H C C  are re sp o n s ib le  fo r  th e  te m p e ra tu re  s e n s it iv ity  in  these  lase rs.
T h e  re su lts  fo r  sh o rte r w ave leng th  dev ices e m itt in g  a t A  ^  2.1 pm are  n o t as s tra ig h t- fo rw a rd . T h e  
Zth v a lu e  a t 80 K  in d ic a te s  th a t S R H  re co m b in a tio n  (th ro u g h  de fects an d  im p u r itie s )  is  th e  d o m in a n t 
cu rre n t p a th . F u rth e r  a n a ly s is  revea ls th a t over 90% o f it s  th re sh o ld  cu rre n t a t th is  te m p e ra tu re  is  
re la te d  to  re co m b in a tio n  th ro u g h  de fects  an d  im p u r itie s . T h is  la rg e  S R H  c o n tr ib u t io n  to  th e  th e sh o ld  
cu rre n t is  lik e ly  to  b e  re sp o n s ib le  fo r  th e  lo w -te m p e ra tu re  fla t  reg ion  obse rved  in  th e  te m p e ra tu re  
dependen ce  o f th e  th re sh o ld  cu rre n t d e n s ity  o f th ese  dev ices. A s  it  w as n o t p o ss ib le  to  d e te rm in e  
th e  change in  S R H  cu rre n t w ith  te m p e ra tu re  fro m  th e  m easured  d a ta , w e can  o n ly  e stim a te  a  low er 
b o u n d  fo r th e  S R H  cu rre n t a t R T  o f ~ 40%  (assum ing  a  co n sta n t S R H  cu rre n t w ith  te m p e ra tu re ). 
Zth — 2.6 a t R T  suggests th a t A u g e r re co m b in a tio n  is  a lso  th e  d o m in a n t cu rre n t p a th  in  these  la se rs 
a t R T , a lth o u g h  th is  fig u re  is  h ig h e r th a n  is  exp e cted  th e o re tic a lly  fo r a  d e v ice  w ith  40%  S R H  cu rre n t 
a t R T . C u rre n t sp re a d in g  e ffects m ay  c o n tr ib u te  to  th is  in con sis ten cy .
T h e  p ressu re  dependen ce  o f th e  th re sh o ld  cu rre n t o f 2.11 pm a n d  2.37 pm d ev ice s w as u sed  to  fu rth e r 
in v e s tig a te  th e  fin d in g s  o f th e  sp on tan eou s em iss io n  a n a ly s is . F o r th e  2.37 pm  la se r th e  th re sh o ld  
cu rre n t decreases fro m  am b ien t p ressu re  w h ich  is  co n s is te n t w ith  A u g e r re co m b in a tio n  b e in g  th e  
d o m in a n t cu rre n t p a th . A t  p ressu res above 6 k b a r th e  th re sh o ld  cu rre n t goes th ro u g h  a  m in im u m  
an d  th e n  b eg in s  to  in crease . T h is  is  p a r t ic u la r ly  in te re s tin g  as th e  la s in g  w ave leng th  a t 6 k b a r is  
c lose  to  2.1 pm a n d  hence th e  b e h a v io u r a t p ressu res above 6 k b a r is  re p re se n ta tiv e  o f w h a t m ig h t 
b e  e xp e cted  fo r la se rs a t th e  sh o rte r w ave leng th  end  o f th is  m a te r ia l sy stem ’s range. T h e  in crease  
in  th re sh o ld  above 6 k b a r suggests th a t as th e  b a n d  gap  in creases w ith  a p p lie d  p ressu re , it  becom es 
co m p a ra b le  to  th e  s p in -o rb it s p lit t in g  en e rgy  a n d  th e  C H S H  A u g e r p ro cess is  a c tiv a te d . T h is  is  a lso  
e v id en t in  th e  2.11 pm a n d  2.18 pm la se rs  w he re  th e  th re sh o ld  cu rre n t in creases fro m  a tm o sp h e ric  
p ressu re  u p  to  8 k b a r. I t  w o u ld  a p p ea r th a t in  th e  sh o rte r w ave leng th  dev ices ( la rg e r b a n d  gap) th e
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C H S H  A u g e r p rocess is  a lre a d y  a llow ed  a t a tm o sp h e ric  p ressu re  an d  th a t it  in creases in  s ig n ifica n ce  
as p ressu re  is  a p p lie d  an d  Eg co n tin u e s  to  ap p ro a ch  A so. C le a rly , h ig h  p ressu re  s tu d ie s  w ere an  
im p o rta n t to o l here, as a lth o u g h  b o th  th e  2.11 pm a n d  2.37 pm la se rs  app ea r to  b e  d o m in a te d  
by  A u g e r re co m b in a tio n  (from  spon tan eou s em iss io n  re su lts ), it  is  c le a r th a t th e y  are  d o m in a ted  
by  d iffe re n t typ e s o f A u g e r p rocesses. T h e  a lte rn a tiv e  in te rp re ta tio n , th a t in d ire c t ca rr ie r leakage 
co u ld  be  re sp o n s ib le  fo r  th e  in crease  in  th re sh o ld  cu rre n t w ith  p ressu re  in  th e  sh o rte r w ave leng th  
dev ices an d  th e  2.37 pm above 6 k b a r w as exp lo red . F it t in g  to  th e  e x p e rim e n ta l d a ta  show ed th a t 
th is  e x p la n a tio n  c o u ld  co n ce iv a b ly  e x p la in  th e  obse rved  p ressu re  dependencie s. H ow ever, estim a tes 
o f r - L  s p lit t in g  energ ies (a lth o u g h  su b je c t to  u n ce rta in ty ) seem  fa r la rg e r th a n  th e  energ ies w he re  
ca rr ie r leakage w o u ld  b e  o f con ce rn .
I t  can  be  seen fro m  F IG U R E  5.5 th a t fo r p a r t ic u la r  la s in g  energ ies be tw een  570 m e V  an d  610 m e V  
th e re  e x is ts  a  s itu a t io n  w he re  C H S H  A u g e r is  supp ressed  an d  th e  re m a in in g  im p o rta n t A u g e r p ro ­
cesses have been  m in im ise d . O n e  m ig h t e x p e c t th e  2.11 pm a n d  2.18 pm  la se rs to  fo llo w  th e  p ressu re  
dependence  o f th e  2.37 pm  la se rs m ore  close ly , h a v in g  a m in im u m  w h ich  o ccu rs  c lo se r to  th e  m in i­
m um  in  th e  th re sh o ld  cu rre n t fo r th e  2.37 pm  la se rs. V a r ia t io n  in  A so, w h ich  is  e xp e cted  to  change 
w ith  co m p o s itio n  an d  s tra in  b u t is  n o t expe cted  to  change s ig n ific a n tly  w ith  p ressu re  [94] m ay  p a r t ly  
e x p la in  th e  d iffe re n ce  in  th e  m in im u m  energy  p o s itio n s  fo r d iffe re n t dev ices. T h e se  re su lts  dem on­
s tra te  th e  im p o rta n ce  o f c a lc u la t in g  th e  A so-va lu e  fo r a  p a r t ic u la r  co m b in a tio n  o f s tra in  an d  m a te r ia l 
co m p o s itio n . A c cu ra te  d e te rm in a tio n  o f A so c o u ld  a llo w  one to  m in im ise  A u g e r re co m b in a tio n  b u t 
a d ju s tin g  th e  s tra in , co m p o s itio n  an d  Q W  th ickn ess , w h ile  s t ill a ch ie v in g  th e  ta rg e t w ave leng th .
H ig h  p ressu re  re su lts  can  h e lp  to  show  th e  gene ra l tre n d s  o f a  p a r t ic u la r  m a te r ia l system . F igu re
7.1 show s a  sch em a tic  o f th e  expe cted  tre n d s  o f A u g e r re co m b in a tio n  fro m  1-4 pm, w he re  th e  tre n d  
im p lie d  b y  th e  p ressu re  d ependen cie s m easured  here are  in d ic a te d . A ls o  show n , are th e  1.5 pm 
dev ices [74] an d  th e  exp e cted  tre n d  o f dev ices e m itt in g  c lose  to  3 pm. U n fo rtu n a te ly  it  w as n o t 
p o ss ib le  to  m easure dev ices c lose  to  3 pm, as th e  dev ices w e a cq u ire d  w ere u n su ita b le  fo r p ressu re  
expe rim en ts. I t  is  easy to  see th e  advan tage g a in ed  b y  m o v in g  to  an  S b-based  system  in  F igu re 7.1, 
w here  C H S H  can  be  supp ressed  co m p le te ly  a t lo n g e r w ave leng th s an d  it  is  h e lp fu l to  v is u a lis e  how  
A u g e r re co m b in a tio n  m ig h t b e  e xp e cted  to  v a ry  across th e  range  o f th is  m a te r ia l system .
T h e  o b je c tiv e  o f exp e rim en ts  on  th e  “W ” s tru c tu re  la se rs  w as to  t r y  to  id e n tify  th e  p r im a ry  loss
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F ig u re  7.1: Schematic of expected trends for Auger recombination in Sb-based and 
As-based materials. The suppression of the CHSH Auger process in Sb-based materials 
is clearly a major advantage of this material system.
m echan ism  re sp o n s ib le  fo r p e rfo rm a n ce  d e g ra d a tio n  a t h ig h  tem p e ra tu re s. A n a ly s is  o f th e  sh ape  o f 
th e  Lse — I cu rve  revea led  a su b -lin e a r se c tio n  c lo se  to  th re sh o ld  w h ich  in creases s u b s ta n tia lly  w ith  
in c re a s in g  tem p e ra tu re . T h is  su b - lin e a r ity  is  c h a ra c te r is tic  o f a p rocess w ith  a  h ig h e r n -depen dence  
th a n  th e  ra d ia tiv e  cu rre n t an d  is  m ost lik e ly  due  to  A u g e r re co m b in a tio n . T h e  decrease in  th re sh o ld  
cu rre n t w ith  a p p lie d  p ressu re  is  co n s is te n t w ith  A u g e r re co m b in a tio n  b e in g  th e  p r im a ry  cu rre n t p a th . 
T h e  A u g e r c o n tr ib u tio n  to  th e  th re sh o ld  cu rre n t a t 80 K  is  e s tim a ted  a t 32% , r is in g  to  87% a t 200 K . 
I t is  suggested  th a t th e  h ig h  c o n tr ib u t io n  fro m  A u g e r re co m b in a tio n  a t cy ro g e n ic  te m p e ra tu re s  m ay 
be  due to  a resonance  be tw een  th e  e ffe c tiv e  ty p e -II b a n d  gap  and  an energy  se p a ra tio n  in  th e  va lan ce  
ban d . T h e  th in  Q W  laye rs in  these  s tru c tu re s  m eans th a t con fin em en t energ ies a re  h ig h  an d  th e re  
is  a s ig n ific a n t s p lit t in g  o f th e  heavy  an d  lig h t h o le  su b -b an d s in  th e  G a (In )S b  Q W . In  genera l, it
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w o u ld  ap p ea r th a t th e  su p p ress io n  o f th e  A u g e r p rocess in  th ese  dev ices is  n o t as e ffe c tiv e  as h a d  been  
h oped . A  re d u c tio n  in  th e  A u g e r co e ffic ie n t, C , m ay  have been  ach ieved  b u t co u ld  b e  ou tw e igh ed  
by  th e  in crea se  in  nth re q u ire d  as a  re su lt o f th e  re d u c tio n  in  th e  ra d ia tiv e  co e ffic ie n t, B. W e  m ust 
rem em ber th a t these  dev ices are som e o f th e  lo n ge st w ave leng th  in te rb a n d  I I I - V  la se rs an d  hence 
e ffo rts  to  red u ce  A u g e r re co m b in a tio n  even fu rth e r a re  needed. E ffo r ts  to  red u ce  th e  p o p u la tio n  
o f ho les in  th e  va len ce  b a n d  m ay p rove su cce ssfu l in  re d u c in g  h o t-h o le  g en e ra tin g  A u g e r p rocesses. 
In  sum m ary, th e  exp e cted  su p p re ss io n  o f C H S H  A u g e r in  ty p e -I G a ln A s S b  la se rs e m ittin g  a t ~ 2 .4  
pm seem s to  have been  ach ieved  an d  a llow s la se rs w ith  v e ry  lo w  th re sh o ld  cu rre n t to  b e  g row n  in  
th is  w ave leng th  reg ion . In  dev ices c lo se r to  ~ 2  pm, th e  C H S H  p ro cess b eg in s to  becom e im p o rta n t. 
C a re fu l de s ign  o f co m p o s itio n  an d  s tra in  fo r th e  d e s ired  w ave leng th  sh o u ld  h e lp  to  m in im ise  th e  
e ffe ct th e  A u g e r p rocess in  th ese  dev ices. T h e  suggested  su p p re ss io n  o f A u g e r re co m b in a tio n  w ith  
th e  use o f th e  “W ” s tru c tu re  is  n o t as g rea t as h a d  been  expected , as th e re  is  ev id en ce  o f a  s ig n ific a n t 
cu rre n t p a th  due  to  A u g e r re co m b in a tio n , even a t 80 K . S pon taneous em iss ion  m easurem ents suggest 
th a t A u g e r re co m b in a tio n  is  re sp o n s ib le  fo r th e  h ig h  te m p e ra tu re  s e n s it iv ity  in  th ese  dev ices. I t  is  
p o ss ib le  th a t h o le -e x c itin g  A u g e r processes p la y  an  im p o rta n t ro le  in  these  dev ices an d  th e ir  im p a c t 
co u ld  b e  redu ced  by  c o n tro llin g  th e  h o le  p o p u la tio n  and  a tte m p tin g  to  rem ove resonances betw een  
th e  ban d  gap  an d  energy  sep a ra tio n s  in  th e  va len ce  ban d .
7.3 Further work
A s  a  co n tin u a tio n  o f th is  w o rk , it  w o u ld  b e  v e ry  in te re s tin g  to  a p p ly  h ig h  p ressu re  an d  spon taneou s 
em iss ion  te chn iqu es to  ty p e -I S b-lase rs e m ittin g  c lo se  to  3 pm. T h is  ty p e  o f a n a ly s is  c o u ld  b e  
very  u se fu l to  assess th e  b a la n ce  be tw een  ca rr ie r  leakage an d  S R H  re co m b in a tio n  in  these  lasers. 
In ve s tig a tio n  o f m o d ifie d  S b-based  system s u s in g  q u in te rn a ry  b a rr ie r  m a te ria ls  an d  d ilu te  n itr id e s  
w o u ld  a lso  b e  o f in te re st, as these system s co u ld  o ffe r s ig n ific a n t e x te n s io n  o f th e  lon ge st o p e ra tio n  
w ave leng th  o f th e  ty p e -I Sb-system . A ls o , sp on tan eou s em iss ion  exp e rim en ts  on  b ro a d -s tr ip e  la se rs 
in  th e  2.1 pm range  w o u ld  be  u se fu l to  c la r ify  som e o f th e  co n c lu s io n s  reached  in  th e  2.11 pm 
spon taneou s em iss ion  w o rk  p resen ted  here, in  th e  absence o f s ig n ific a n t cu rre n t sp re a d in g  issues.
A s  regards, “W ” la se rs th e  s tu d y  o f dev ices a t lo n g e r w ave leng th s w o u ld  b e  w o rth w h ile , s in ce, 
i f  resonances w ith  va lence  su b b an d s are  im p o rta n t, in c re a s in g  p ressu re  w o u ld  h e lp  to  id e n tify  th e
w ave leng th s fo r w h ich  th e y  are  m in im ise d . T h e se  re su lts  m ay  in d ic a te  steps w h ich  need to  be  ta ken  to  
m in im ise  th e  IV B A / A u g e r  resonances across th e  fu ll w ave leng th  range. H ig h  p ressu re  m easurem ents 
on  IC L s  u s in g  th e  “W ” s tru c tu re  w o u ld  a lso  b e  in te re s tin g , a lth o u g h  in te rp re ta tio n  o f th e  re su lts  o f 
su ch  exp e rim en ts  c o u ld  b e  co m p lica te d .
F in a lly , th is  ty p e  o f w o rk  co u ld  b e  a id ed  b y  a  th e o re tic a l assessm ent o f e ffects w h ich  are m ore  
s ig n ific a n t a t M I R  w ave leng ths, su ch  as th e  im b a la n ce  o f th e  d e n s ity  o f s ta te s be tw een  th e  c o n d u c tio n  
b a n d  an d  va len ce  b a n d  an d  th e  e ffe ct o f n o n -p a ra b o lic ity . M o re  a ccu ra te  e s tim a tio n s  o f th e  b a n d  
s tru c tu re  p a ram e te rs o f th e  q u a te rn a ry  a llo y s  u sed  in  ty p e -I S b-based  la se rs w o u ld  a lso  b e  u se fu l to  
a id  th e  in te rp re ta tio n  o f re su lts .
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T a b le  A . l :  Growth details o f 2.37 pm  devices.
Layer Composition Thickness Strain Doping
substrate GaSb(lOO) - n
buffer GaSb 75 nm - n
graded Al0 .1 0 Ga0 .9 0As0 .0 3 Sb0 .9 7  
to Alo.9 0 Gao.1 0 Aso.0 8 Sbo.92
120 nm - n (2 x IO18 cm "3, Te)
cladding Al0 .9 0 Ga0 .1 0 As0 .0 8 Sb0 .9 2 1500 nm - n (2 x 1018 cm -3, Te)
waveguide Alo.2 5 Gao.7 5 Aso.0 2 Sbo.98 375 nm - intrinsic
QW Gao.65ln0.35Aso.llSbo,89 10 11m 1.42% intrinsic
barrier Alo.2 5 Gao.7 5 ASO.0 2 sbo.98 35 nm - intrinsic
QW Gao.65ln0.35Aso.nSbo.89 10 nm 1.42% intrinsic
barrier Alo.2 5 Gao.7 5 ASO.0 2 sbo.98 35 nm - intrinsic
QW Ga0 .6 5Ia0 .3 5 AS0 .nsb 0 .8 9 10 11m 1.42% intrinsic
waveguide Alo.2 5 Gao.7 5 ASO.0 2 sbo.98 375 11m - intrinsic
cladding Alo.9 0 Gao.1 0 Aso.0 8 Sbo.92 200 nm - p (5 x 1017 cm-3 ,Be)
cladding Alo.9 0Gao.1 0 Aso.0 8 Sbo.92 1300 nm - p (5 x 1018 cm-3 ,Be)
graded Al0 .9 0 Gao.1oAso.o8 Sbo.92 
to Al0 .i0 Ga0 .9 0AS0 .0 3 Sb0 .9 7
120 nm p (1 x 1019 cm-3 , Be)
capping layer GaSb 250 nm - p+
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T a b le  A .2 : Growth details o f 2.11 pm  devices.
Layer Composition Thickness Strain Doping
substrate GaSb(lOO) - n
buffer GaSb 75 nm - n
graded Alo.1 0 Gao.9 0 Aso.0 4 Sbo.96 
to Al0 .9 0 Gao.1 0 As0 .0 4 Sb0 .96
91 nm - n ( 2  x 1018 cm "3, Te)
cladding Alo.9 0 Gao.1 0 Aso.0 7 Sbo.9 3 1 0 0 0  nm - n ( 2  x 1018 cm "3, Te)
buffer GaSb 1  nm - intrinsic
waveguide Alo.2 5 Gao.7 5 Aso.0 2 3Sbo.9 7 7 375 nm - intrinsic
QW Gao.7 5 Ino.2 5Aso.0 3 8 Sbo.962 11.3 nm 1.3% intrinsic
barrier Alo.2 5 Gao.7 5 Aso.0 2 3Sbo.9 7 7 30 nm - intrinsic
QW Gao.7 5 I1io.2 5Aso.0 3 8 Sbo.962 11.3 nm 1.3% intrinsic
waveguide Alo.2 5 Gao.7 5 Aso.0 2 3 Sbo.9 7 7 375 nm - intrinsic
buffer GaSb 1 nm - intrinsic
cladding Al0 .9 0 Gao.1 0 As0 .0 7 Sb0 .9 3 200 nm - p (5 x 1017 cm” 3,Be)
cladding Al0 .9 0 Gao.1 0 As0 .0 7 Sb0 .9 3 800 nm - p (5 x 1018 cm-3 ,Be)
graded Al0 .9 0 Gao.1 0 As0 .0 4 Sb0 .g6 
to Al0 .1 0 Gao.9 0As0 .0 4Sb0 .96
120 nm - p (5 x 1018 cm-3 , Be)
capping layer GaSb 300 nm - p+ (5 x 1019 cm~3,Be)
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T a b le  A .3: Growth details o f 2.18 pm  devices.
Layer Composition Thickness Strain Doping
substrate GaSb(lOO) - n
cladding AlGaAsSb - n
waveguide Alo.2 5 Gao.7 5 Aso.0 2 Sbo.98 250 nm - intrinsic
QW Gao.6 6lno.3 4 Aso.0 5 Sbo.95 8  nm 1.78% intrinsic
barrier Al0 .2 5 Ga0 .7 5 As0 .0 2 Sb0 .98 2 0  nm - intrinsic
QW Ga0 .6 6lH0 .3 4 As0 .0 5 Sb0 .9 5 8  nm 1.78% intrinsic
barrier Al0 .2 5 Ga0 .7 5 As0 .0 2 Sb0 .9 8 2 0  nm - intrinsic
QW Ga0 .6 6ln0 .3 4 As0.0 5 Sb0 .9 5 8  nm 1.78% intrinsic
waveguide Al0 .2 5 Ga0 .7 5 As0 .0 2 Sb0 .9 8 250 nm - intrinsic
cladding AlGaAsSb - P
capping layer GaSb - P
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